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The title of the invention has been amended (Guidelines for Examination in the EPO. A-tll. 7.3). 

@ Superconducting article containing thallium, and method for producing the same. 

(57) Methods, compositions and devices are provided em- 
ploying thallium superconducting layers on crystalline sub- 
strates. The superconducting layers are formed In a variety of 
ways, particularly by metal carboxylate pyrolysis or ablation 
followed by thermal annealing. Microwave and millimeter wave 
devices are described. 
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Description 

LIQUID PHASE THALLIUM PROCESSING AND SUPERCONDUCTING PRODUCTS 



CROSS-REFERENCE TO RELATED APPLICATIONS 5 

This application is a continuation-in-part of Appli- 
cation Serial No. 238,919, filed August 31 , 1988. 

10 

INTRODUCTION 



Technical Field 

This invention concerns processes for producing 15 
thallium based superconductors, the resulting com- 
positions, and devices employing such composi- 
tions. 

Background 20 

A recent scientific revolution in high temperature 
superconductivity has resulted from the discovery of 
many new metal oxide compounds, particularly 
copper oxide compounds, having dramatically in- 
creased superconducting transition temperatures 25 
(T 0 ). The initially discovered compounds were, for 
the most part, based on the combination of alkaline 
earth metals and rare earth metals, such as barium 
and yttrium in conjunction with copper. More 
recentiy, thallium based superconductors have been 30 
prepared, where the compositions have various 
stoichiometrics of thallium, calcium, barium, copper 
and oxygen. The thallium materials have been more 
difficult to process, since the thallium Ca-Ba-Cu-O 
deposits are able to attain a composition which is 35 
liquid at processing temperatures. Thallium oxides 
have a relatively high vapor pressure at processing 
temperatures about 500° C and this has added to the 
difficulties in processing to ensure that the crystal 
structure has the correct stoichiometry. For the 40 
most part, sealed Au or Pt ampoules are used to 
control TI volatilization by developing a controlled 
overpressure of TI and oxygen above the film during 
high temperature processing. 

Superconducting films are of great interest. 45 
However, in order to be useful, the films must be 
fairly uniform, be capable of carrying the current 
requirements of the device, have a superconducting 
transition temperature desirably substantially 
greater than the temperature of liquid nitrogen, have 50 
much lower RF surface resistance than copper, and 
be capable of reproducible preparation. 

Relevant Literature 

Ginley and co-workers at Sandia National Labora- 55 
tories recently reported the preparation of super- 
conducting thin films of the 2122 thallium compound 
(Tl2,Ca,Ba2,Cu2,08). Jim Kwak at the same labora- 
tory has reported polycrystalline thallium based films 
on yttria stabilized zirconia. Their films were pre- 60 
pared on yttria stabilized zirconia substrates by 
sequential e-beam evaporation of the individual 
metals on the substrate, followed by a post 



deposition reaction step in a closed platinum 
crucible. The films that were obtained were uno- 
riented and exhibited a transition temperature of 
97K. IBM has reported preparing oriented thin films 
of the 2223 and 2122 compounds by rf diode 
sputtering. 

A large number of articles have been published 
concerned with the thallium compounds. Illustrative 
of these articles are Sheng and Hermann, Nature , 
(1988) 332:55-58; Sheng and Hermann, Nature . 
(1988) 3^:138-139; Ginley et ah , Physica C , (1988) 
152:217-222; Superconductor Week , Vol. 2, No. 18. 
May 9, 1988, reported that Sandia had prepared 
unoriented polycrystalline TL thin films that have 
reached critical current densities of 110,000 A/cm 2 
at 77K with a T c at 97K. In the presence of a high 
magnetic field (6Tesla), a critical current density of 1 
x 10 6 A/cm 2 at 4K was observed. 

Venkatesan et al ., Appl . Phys . Lett . (1988) 
52:1193-1195, and Wu et a l., Proceedings of SPIE 
Symposium on High T c Superconductors , Newport 
Beach, CA March 1988, report the use of pulsed 
laser deposition for preparation of high T c supercon- 
ducting thin films. Venkatesan et al ., and Wu et al ., 
supra claim to have achieved YBaCuO films that are 
superconducting after deposition at 650° C, followed 
by oxygen annealing at 450° C. Wrtanachchi et al ., 
( Appl . Phys . Lett ., in press) report that with the 
addition of DC bias plasma during laser ablation of 
high T c superconducting YBaCuO thin films, in situ 
superconducting films can be achieved at substrate 
temperatures as low as 400° C. 



SUMMARY OF THE INVENTION 

Superconducting thallium based films on sub- 
strates are provided, employing processes using 
growth from a liquid phase onto a crystalline 
substrate. Various techniques and conditions are 
provided to produce crystalline layers of supercon- 
ductive material onto the substrate, obtaining epi- 
taxial growth in some instances. The products have 
superior superconductive properties as evidenced 
by surface impedance, with the products finding 
particular applications as components of electronic 
devices for microwave and millimeter wave applica- 
tions. 



BRIEF DESCRIPTION OF THE DRAWINGS 



Fig. 1 is a diagrammatic side view of a sealed 
vessel assembly for production of a supercon- 
ductor film; 

Fig. 2 is a cross section view along lines 2-2 
of Fig. 1 ; 

Fig. 3 is an alternate embodiment employing 
a device using infrared heat to produce a 
superconductor film ; 
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Rg.4 is a diagrammatic view of an alternate 
embodiment using a tilting vessel for coating a 
substrate with a superconductor film; 

Fig. 5 is a schematic view of a narrow band 
microwave filter; and 

Fig. 6 is a schematic view of a digital 
instantaneous frequency measurement device. 



DESCRIPTION OF THE SPECIFIC EMBODIMENTS 

Methods, compositions and devices are provided 
comprising a thin film thallium based superconduc- 
tor composition. The compositions comprise an 
average composition Jh Can-i, Ba2 Cu n O&i+i as 
films on a variety of substrates, particularly crystal- 
line substrates. Methods which have been employed 
to produce the films are both chemical and physical 
deposition techniques and include sol-gel and laser 
ablation techniques as preferred. The superconduc- 
tor layer coated substrates find use as components 
In a wide variety of electronic devices, particularly 
with microwave and millimeter wave applications. 

The films which are provided are primarily thallium- 
(calcium) -barium-copper oxides, with a stoichio- 
metry which may include 2021, 2122, 2223, or such 
other stoichiometrics as may be employed. The films 
will be oriented films, so as to have a substantially 
uniform crystallinity. The films may be comprised of a 
single crystal or a plurality of crystals joined at their 
grain boundaries. The films will be highly oriented 
with the c-axis substantially normal to the surface of 
the substrate as demonstrated by X-ray analysis or 
electron beam channeling techniques. For the most 
part, single phase films will be obtained, although, as 
desired, mixtures of two of the phases or related 
phases may be achieved within the film. For some 
applications polycrystalline films may be prepared. 

The thickness of the film may be controlled. The 
film may be as thin as one layer, where the layer 
includes all of the necessary planes to obtain 
superconductivity, generally from about 30-50 °A, or 
may be as thick as two micrometers or greater, 
depending upon the particular application. The 
thickness of the film is primarily a practical consider- 
ation, rather than a significant limitation of the 
procedures employed. 

For many uses, a fraction of a micrometer 
thickness will be employed, generally in the range of 
about 0.1 - 1um. The film will have a superconduct- 
ing transition temperature of at least 75K, more 
usually 90K, preferably at least about 100K, more 
preferably about 115K, and particularly preferred at 
least about 122K, where the transition temperature 
has so far been substantially less than about 
150K. 2122 composition films can be achieved with a 
T c of at least 1 10K and 2223 films with a T c of at least 
122K. The superconducting transition temperature 
should be as high as feasible, though in some 
situations one parameter may be compromised for 
another parameter. For the most part the films will be 
used at temperatures in the range of about 
60 - 100K. 

The films will usually have critical current densities 
at 77K of at least about 10 3 A/cm 2 , usually at least 



about 10 6 A/cm 2 . For microwave and millimeter 
wave applications, the surface resistance or imped- 
ance will generally be less than about 10~ 3 fi, more 
usually less than about ICT^fl. at 10 GHz and at a 

5 temperature above 50K, preferably above about 75K. 
The films will be substantially free of contami- 
nants, having less than about 10 wt. %, preferably 
less than about 5 wt. o/o of material not involved with 
the superconducting crystal. For the most part, films 

10 will be at least about 0.5 cm as their smallest 
dimension and 3 cm or as large as 5 cm or more as 
their smallest dimension in the a,b plane. 

The films will be of high quality, as demonstrated 
by low lattice fault densities. By low lattice fault 

15 density is intended a sufficiently low fault density to 
demonstrate the intrinsic superconducting physical 
transport properties and sufficient to achieve re- 
quired device property requirements. In addition, 
smooth surface morphologies can be achieved as 

20 well as uniform thickness. See Forsyth, Science 
(1988) 242:391-399, for a description of surface 
morphology of Nb3Sn superconductors and the 
effect on electromagnetic properties. 

Furthermore, the films may be grown epitaxially on 

25 substrates, where the crystal lattice of the supercon- 
ductor does not differ by more than about 10% from 
that of the substrate. That is, along the a-axis of the 
crystal, the difference in lattice parameter between 
their a axes ((asubstrate-asuperconductoria/substmte) may 

30 differ by up to about 10<Vb and still obtain epitaxial 
growth. Epitaxy is desirable but is not required to 
obtain highly oriented c-axis normal films. However, 
with the subject film in addition to being highly 
oriented, one may also achieve epitaxy by appropri- 

35 ate choice of substrate. 

Epitaxial Tl 2223 and 2122 films on {100} surfaces 
of MgO having intentional deviations of a few 
degrees from nominal orientation on axis can be 
beneficial. In a Tl 2223 film the <001 > axis (lattice 

40 parameter, c = 36.26 A ) is substantially coincident 
with the <001 > axis of the MgO substrate or is at a 
systematic angular deviation in epitaxy with large 
lattice mismatches. Besides the correlation of the. 
<001> axes, the epitaxial Tl film has its <100> 

45 and <010> axes parallel or at a systematic 
deviation to the analogous axes of the MgO 
substrate. 

Various substrates including single crystal, poly- 
crystalline, and amorphous substrates may be 

50 employed, depending upon the particular use for the 
coated substrate, whether one wishes epitaxy, the 
particular processing conditions, and the like. Sub- 
strates which may find use include magnesium 
oxide, yttria stabilized zirconia, sapphire, alumina, 

55 silicon, lanthanum aluminate, strontium titanate, 
gallium arsenide, lanthanum gallate, and calcium 
fluoride. 

Various techniques may be employed for produc- 
ing thallium based superconductors on a solid 

60 substrate. Techniques which have been employed in 
the past with other superconductor metal oxide 
compositions include laser ablation, thermal evap- 
oration, liquid phase epitaxy, electron beam, magne- 
tron sputtering, and chemical vapor deposition. 

65 Illustrative of methods for producing the subject 
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epitaxial layers are liquid phase thermal processing 
of sol-gel coating and laser ablation deposited 
coating. 

Liquid phase film formation involves heating a 
deposited film to form a liquid coat on a substrate, 
whereupon the metal oxides crystallize from the 
liquid onto the substrate to form the superconductor 
layer. A liquid composition can be formed with Tl 
oxide, by itself or in combination with calcium oxide, 
as the solvent, with the other oxides becoming 
dissolved in the Tl oxide-containing liquid at an 
elevated temperature and subsequently crystallizing 
with the correct stoichiometry. Upon cooling, evap- 
oration of the solvent, or chemical precipitation, the 
metal oxides crystallize to form a crystalline super- 
conductor layer. Depending upon the substrate, the 
layer may also be epitaxial. One need not use the 
oxides initially, but can use metal compounds which 
may serve as the source of the metals in the liquid 
phase, where the counterions and conditions result 
in the formation of the desired oxide. The process 
may be divided into the following components: (1) 
Coating of the substrate; (2) Environment during 
crystallization; and (3) Thermal process conditions 
such as temperature, pressure, time; and (4) 
Miscellaneous other considerations. 

For epitaxial growth, there will have to be 
pretreatment of the substrate to achieve consistent 
results. The liquid phase epitaxial procedure em- 
ploys highly polished surfaces of the substrate. The 
surface may be polished mechanically or chemically, 
preferably both. Single crystal substrates are em- 
ployed to obtain epitaxial film structures. For 
example, single crystal magnesium oxide <100> 
may be polished using hot concentrated phosphoric 
acid, for example, at about 80° C with 85% phos- 
phoric acid for 10 min, or by lapping the surface flat 
and to the desired orientation and then immersing in 
cone, phosphoric acid at 50° C for 1-3 mln. The 
resulting chemically polished crystal surface should 
be very clean, and provide a substantially defect free 
surface. The particular manner in which the surface 
is polished is not critical to this invention. Desirably, 
as exemplary of magnesium oxide, the (100) plane 
surface will be employed. 

Coating of the substrate may be achieved in a 
variety of ways. One technique is to use chemical 
precursors, which upon pyrolysis may provide the 
desired oxide as a coating. Another technique is to 
employ a liquid comprising a solution of the metal 
oxides having an appropriate stoichiometry for 
production of the superconductor. Other techniques 
have been indicated, which involve vapor phase 
deposition. The first technique to be considered will 
be employing metallo-organic precursors to pro- 
duce, the oxides. 

A sol composition is prepared employing metal 
soaps providing for the appropriate stoichiometry. 
The soaps will be carboxylates of at least about 6 
carbon atoms, preferably at least about 8 carbon 
atoms, and usually not more than 16 carbon atoms, 
more usually not more than 12 carbon atoms. 
Conveniently, the 2-ethylhexanoates have found 
use, although neodecanoates. or other branched 
chain, particularly alpha-branched chain fatty acids 



may be employed. The metal soaps are prepared In 
accordance with conventional procedures. The 
soaps are dispersed in an appropriate medium, 
particularly hydrocarbons or halohydrocarbons boil- 
5 ing in the range of about 40°C to 100° C, such as 
chloroform, toluene, xylene, benzene, methylenedi- 
chloride, etc., and the mixture made homogeneous 
by agitation, for example shaking, for several hours. 
Adjuvants may be added, such as thickeners, e.g. 

10 polysaccharides or ultra-high molecular weight poly- 
mers. The resulting solution and/or dispersion Is 
then coated onto the substrate. 

Coating can be achieved by putting the viscous 
sol onto the surface to be coated and spinning the 

15 surface by centrifugation for a short time to ensure 
the substantially uniform distribution of the film. 
Alternatively, the substrate may be dipped into or 
sprayed with the dispersion, protecting those areas 
of the substrate which are not to be coated. Any 
20 technique which allows for substantially uniform 
coating of the film on the substrate may be 
employed. 

The coated substrate is then pyrolyzed for a short 
time at an elevated temperature, generally in the 

25 range of about 150 P C to 500°C, preferably in the 
range of about 150°C to 300° C. Tl volatilization can 
occur at temperatures as low as 100° C, so that short 
process timing and Tl overpressures and oxidizing 
atmospheres are employed to control phase forma- 

30 tion and to limit Tl loss and formation of undesired 
second phases in the film. The pyrolysis time and 
temperature should be selected to substantially 
ensure decomposition of the fatty acids, so as to 
leave a thin film of metal oxides, the pyrolysis 

35 occurring in the presence of oxygen, conveniently 
air. The procedure may be repeated as many times 
as desired, in order to enhance the thickness of the 
metal oxide film. 

Desirably, each subsequent pyrolysis may be 

40 carried out at a lower temperature than the initial 
pyrolysis, where the initial pyrolysis is carried out in 
the upper portion of the temperature range. 
250-450° C, and the subsequent pyrolyses are 
carried out at a temperature In the range of about 

45 200-350° C. Usually, at least about 600/o of the volatile 
organic material is removed and by extending the 
heating period, a constant weight can be realized. 
Care must be taken to minimize thallium volatilization 
when pyrolysing above 300° C. 

50 The film, deposition and pyrolysis procedure will 
be carried out at least once, more usually twice, and 
may be five times or more, usually not more than 
about four times. 
The thickness of each layer will depend upon a 

55 number of parameters: the viscosity of the sol, the 
time for spinning, the revolutions per minute, the 
temperature at which the substrate is spun, and the 
like. Where other techniques are used to provide the 
coating, such as dipping, spraying, spreading with a 

60 blade, or the like, different parameters may be 
involved. 

Once the substrate surface has been coated to 
the desired degree, the substrate may then be 
introduced into a closed inert vessel, containing 
65 pellets with the appropriate molar ratio for maintain- 
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ing the stoichiometry of the film in the presence of a 
source of oxygen during heating. The molar ratio of 
the pellets is determined by the phase that is desired 
within the film. The film composition after heating Is 
substantially affected by the geometry and tempera- 
ture of the source material and the resulting Tl 
overpressure. 

Maintenance of a controlled thallium overpressure 
may be achieved in a variety of ways. The simplest 
way may be to coat the layer containing the mixture 
of oxides with a thallium oxide layer, so that 
vaporization of the thallium oxide overcoat provides 
for thallium overpressure. To ensure sufficient 
thallium for incorporation in the superconductor 
layer, the housing for the thermal treatment of the 
superconductor layer should desirably be relatively 
small, so that a relatively small volume is occupied by 
the vapor. By relatively small is intended a volume of 
about 0.001 to 10 times the size of the substrate. In 
addition, compared to the surface of the supercon- 
ductor layer, the surface of the thallium source 
should be relatively large, at least about one and a 
half times, preferably about two times, and maybe 
five times or more. In addition, the thallium oxide is 
desirably combined with calcium oxide and copper 
oxide, where the composition may be varied, 
depending upon whether the source is present 
during crystal growth or for stabilizing the thallium 
superconductor material after it is in the correct 
phase. 

Conveniently, in the gas phase, air, pure oxygen, 
or other source of oxidizing oxygen may be 
employed, e.g., hydrogen peroxide or ozone during 
heating. The pellet composition will vary depending 
upon the particular thallium superconductor one 
wishes to prepare. For example, for the 2223 
composition, the pellets will have a Tl: Ca: Ba: Cu 
1:3:1:3 molar ratio. The inert tube is conveniently a 
passivated noble metal, most conveniently gold or 
plated quartz, which may be externally reinforced to 
support the pressures during the reactions. 

The processing temperature will be at least about 
600° C. more usually at least about 630° C, and not 
more than about 950° C, frequently in the range of 
about 800-900° C. The temperature may be moni- 
tored in any convenient way, conveniently a thermo- 
couple. Usually, the temperature will be achieved 
rapidly, generally under five minutes, preferably 
under three minutes, more usually from about 0.5-3 
minutes. Slower heating rates (20°C/min) may be 
employed to give continuous superconducting films 
of smaller grain size. The tube may be heated to a 
temperature or temperatures in the range indicated 
above, generally for sufficient time to ensure 
complete pyrolysis of any residual carbon com- 
pounds and allow for the atoms to assume the 
proper lattice structure. Generally, the time at high 
temperature will be at least about 0.5 minute and not 
more than about 60 minutes, more usually in the 
range from about 0.5 to 25 minutes, preferably from 
about 0.5 to ten minutes. At the end of this time, the 
tube may be removed from the heating source and 
allowed to cool. Normally, there need not be any 
effort at rapid quenching, so that the tube may be 
allowed to sit in a room temperature environment, 



without providing for a rapid reduction in tempera- 
ture. 

A second preferred procedure for preparing the 
subject films employs laser ablation. Laser ablation 
5 can be used either to coat the substrate at room 
temperature in preparation for the thermal process 
described above, or can be used to deposit and form 
the superconducting phase in one step at elevated 
temperature. 

10 In accordance with this invention, laser ablation is 
achieved by preparing an appropriate target. The 
apparatus for the most part, is conventional and is 
described in Wu et al, supra A target is prepared by 
placing the appropriate composition of metals or 

15 metal oxides on the surface of a support which can 
be rotated at a controlled rate. The target on its 
support is placed in a vacuum chamber having a 
quartz window, where a laser beam of appropriate 
energy and wavelength impinges on the target 

20 causing a plume of ablated vapor normal to the 
target surface. The substrate is placed substantially 
normal to the direction of the plume, so as to receive 
the atoms in the plume, where the atoms bind to the 
surface of the substrate. The substrate is maintained 

25 at room temperature or at an elevated temperature 
depending on whether the goal is an amorphous or a 
crystalline deposit. 

The laser ablation target can conveniently be 
made in the same manner as the sol-gel coating 

30 described earlier. Thus, a uniform film of the various 
carboxylates can be prepared and pyrolyzed as 
described previously to produce the desired oxide 
mixture. Pyrolysis can be carried out in the presence 
of oxygen, so as to ensure the formation of the 

35 desired metal oxides in their proper oxidation state. 
Alternatively, the target can be made from pressed 
and sintered powder or from hot pressed powder. 

The laser energy density on the target will 
generally be from about 1-3 J/cm 2 . The film on the 

40 target will have the same metal molar ratio as the 
intended composition on the substrate. The target 
will usually be of from about 0.5 to 10 in. 2 in surface 
area and about 0.001 to 0.25 in. thickness. 
The laser may be focused to cover various areas 

45 of the target. The laser may impinge upon the 
surface over a wide range of angles from a minimum 
of about 2° up to 90° . A typical impingement angle is 
about 25°. The area Impinged by the laser will 
generally be at least about 2mm 2 and not more than 

50 about 50mm 2 . A typical area is about 15mm 2 , The 
ratio of length to width will depend upon the angle of 
Impingement, and will generally be at least 2 to 1 , and 
not more than about 20 to 1, more usually not more 
than about 10 to 1. By employing an energy in the 

55 range of about 2 J/cm 2 per pulse, one can deposit 
about one monolayer, generally about 3A° thick onto 
the substrate with each pulse. By controlling the 
number of pulses per second, which would generally 
range from about 0.5 to 50, one can achieve an 

60 accretion on the substrate of about 0.1pm/min. 

The target will usually be relatively close to the 
substrate, usually not less than about 2cm and not 
more than about 10 cm, preferably about 6 cm. The 
chamber will be evacuated to under about SOOmTorr, 

65 preferably from about 2 to 200mTorr, more prefer- 
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ably about 100 to 200mTorr. Various Inorganic 
oxidizing gases may be present, such as oxygen, air, 
hydrogen peroxide, ozone, nitrogen oxides, such as 
nitrous oxide or the like, where the inorganic oxygen 
source can be activated by virtue of the laser beam 
or an independent energy source. For example, an 
oxidizing gas source may be directed toward the 
layer on the substrate where the gas has been 
activated, for example, oxygen activated by passing 
through an electric field or laser. 

For growth of crystalline superconducting films 
the substrate will generally be maintained at a 
temperature in the range of about 450-750° C, 
preferably about 500-650° C. The temperatures 
which are maintained will allow for the atoms to form 
the proper crystal structure, but should be kept as 
low as possible to minimize interdiffusion between 
the film and substrate and to minimize thallium loss 
by vaporization. The lower the temperature which is 
used for the substrate, the slower the deposition 
rate which should be employed. Alternatively, one 
can increase the energy of the atoms and molecules 
in the plume by providing for a plasma in the ablated 
plume. This additional energy increases the atoms* 
ability to form the proper crystal structure at low 
temperature, and increases the rate at which the film 
may be grown. 

In some instances, where thallium may be lost 
because of its higher vapor pressure, it may be 
desirable to increase the amount of thallium in the 
target. Alternatively, thallium loss can be minimized 
by maintaining a higher oxidation potential in the 
apparatus. 

It may be desirable to sequentially ablate one or a 
combination of metals or metal oxides, so that layers 
of different composition are deposited sequentially 
to provide the different atomic layers of the crystal. 

Besides deposition on elevated temperature sub- 
strates as described above, laser ablation can be 
used to deposit onto room temperature substrates 
prior to thermal processing. Laser ablated films on 
room temperature substrates are dense, uniform 
and high purity, but are not crystalline. These 
amorphous films, when heated, form liquid and then 
solid crystalline phases in the manner previously 
described for chemical processing. The kinetics of 
liquid phase formation is somewhat different for the 
two kinds of films because the chemically prepared 
films tend to be highly porous, and may contain 
some residual carbon before thermal processing. 

The processes may be further modified by 
employing layers of different composition. Of par- 
ticular interest is having an initial layer of thallium 
oxide, preferably a combination of thallium oxide and 
calcium oxide, with a second layer comprising at 
least copper and barium oxides, desirably compris- 
ing thallium and calcium oxides as well. These layers 
can be achieved as described above, using the 
various processes which allow for the independent 
application of different compositions as layers on the 
substrate. For example, with the sol-gel technique, 
one could first provide for a layer of thallium and 
calcium carboxylates, which may or may not be 
pyrorysed prior to coating with a layer of carboxy- 
lates of all of the metals. 



An alternative procedure for coating the sub- 
strate, may employ the physical method of tilting. By 
employing a boat which can be tilted, so that the 
liquid composition can be kept away from the 
5 substrate, a liquid of the various oxides may be 
produced. Once the liquid is formed, the boat may 
be tilted, so that the liquid now coats the substrate, 
which is In the other part of the boat. Desirably, the 
substrate may be positioned, so it is at an angle to 

10 the bottom of the boat, with the higher end near the 
wall of the boat. The conditions under which the 
coating is carried out would provide for a rapid rise 
to a temperature in the range of about 500 to 880° C, 
at which point the oxides would be in the liquid form. 

15 The boat can then be tilted and cooling begun at a 
relatively slow rate, in the range of about 
0.5-1 0°C/min until the temperature has dropped at 
least about 10°C, preferably not more than about 
50° C, when the temperature is In the range of about 

20 490-860° C. At this point, the boat would be tilted 
back to the original position, where the substrate 
was no longer in the liquid, and the substrate would 
be rapidly cooled at a rate of at least about 
10°C/min, preferably at least about 20°C/min to 

25 room temperature. 

Various configurations may be employed during 
thermal processing between the source and the 
superconductor film. The source should not be 
allowed to contact the superconductor film. The 

30 configurations may allow for the source being in a 
confronting relationship to the superconductor film. 
For example, a substrate coated with the source 
may be spaced from the substrate coated with the 
superconductor film by a spacer (typically 5 microns 

35 or greater In thickness), where the source and film 
are in a confronting relationship. 

An alternative configuration would have the super- 
conducting film on a substrate in a container, where 
the source is displaced from the superconductor 

40 film and is maintained at a temperature differential 
from the superconductor film. Thus, by varying the 
temperature of the source, different thallium over- 
pressures would be achieved, so as to ensure the 
proper Tl stoichiometry at the superconductor film 

45 surface. 

Various regimens may be employed for producing 
these superconducting films and for use in a 
postannealing of the superconducting material. By 
employing schedules for heating and pressure that 

50 inhibit the evaporation or boiling of the liquid in the 
film prior to formation (precipitation) of the super- 
conducting material, one can provide for condensa- 
tion of Tl source material, so as to provide for 
precipitation of the superconducting phase, and can 

55 minimize or prevent the formation of nonsupercon- 
ducting oxide compositions. 

One protocol would Initially provide for a pressure 
of about 3 atm with a rapid rise in temperature from 
room temperature to 850° C. at about 50°C/sec rise, 

60 so that the temperature is reached in about 15 to 20 
sec, maintaining the superconducting film at this 
temperature, where approximately 100 sec will have 
elapsed from the initiation of heating, allowing the 
. superconductor to cool over a period of about 5 to 

65 10 sec to a temperature of about 550° C and 
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maintaining the temperature for an additional 100 
sec, followed by cooling to room temperature. 
During this time, a different heating profile is 
employed for the source material, where the source 
is heated at about the same rate along with the 
superconductor film, but is maintained at the high 
temperature for about 5 to 25 sec longer than the 
superconducting film, so that the overpressure is 
maintained relatively constant while the supercon- 
ducting film is undergoing its initial cooling, followed 
by dropping the source temperature by about 100°C 
and maintaining this temperature during the anneal- 
ing of the superconducting layer. The temperature is 
then allowed to drop to room temperature along with 
the superconductor layer. The pressure profile 
would be to maintain the elevated pressure until the 
annealing temperature has been reached and then 
allow the pressure to drop to 1 atm. 

Where the source and superconducting layer are 
both maintained at the same temperature, a different 
protocol would provide for heating at about 40 to 
70°C/mln to 800°C, where the temperature is 
achieved in from about 15 to 40 sec, preferably about 
20 to 30 sec, while maintaining an oxygen pressure 
at 3 atm. The elevated temperature is maintained for 
an additional 60 sec and then reduced at a 
temperature drop from about 5 to 20°C/sec to room 
temperature. The pressure profile differs in being 
maintained at the elevated pressure for about 60 
sec, and then allowed to drop to 1 atm over about 10 
to 20 sec. By adjusting the liquid composition, 
growth may be achieved at one atm pressure. 

Parameters for a thermal anneal will vary from the 
preparation of the superconducting film. For the 
anneal, the superconducting film is rapidly heated to 
a temperature in the range of about 500 to 750° C, 
generally over a period of about 10 to 30 sec. The 
temperature will then be maintained, ± 15% for a 
period of about 5 to 60 min, preferably from about 15 
to 45 min in an oxygen atmosphere while in the 
presence of a thallium source. The temperature for 
the source will be higher by at least about 50° C, 
preferably from about 100 to 150°C higher than the 
superconducting film. The temperature of the 
source will be heated analogously to the supercon- 
ducting film, so that the ultimate temperature for the 
source is reached at or shortly after the temperature 
for the film is reached. The temperature for the 
source will be maintained substantially constant 
during the period of annealing and will then be 
allowed to cool at about the same time as .the 
superconducting film back to room temperature, as 
well as at about the same rate. Desirably, cooling of 
the source will begin shortly before the cooling of 
the superconducting film, usually from about 0.5 to 5 
min prior. During the annealing, an elevated pressure 
may be employed, usually about 1 .5 to about 2.5 atm, 
preferably up to about 2 atm. 

Localized effects can be achieved by employing 
infrared heating. For example, the substrate with the 
pre-superconductor or precursor film could be 
placed in an enclosure having an infrared transpar- 
ent window above the film and having a small volume 
relative to the substrate. By employing infrared heat, 
vaporization would occur in a small volume with a 



rapid increase in pressure. Furthermore, the assem- 
bly could be introduced into a pressure vessel, 
which would also have an infrared transparent 
window, so that the entire assembly could be 

5 pressurized. In this way, the gas environment in 
which the superconductor film is formed would be 
rapidly saturated with thallium oxide vapor. The 
process may be carried out at atmospheric or 
superatmospheric pressure. 

10 By placing the substrate on a large thermal mass 
base, and using infrared heating, a heat flux will 
occur at the substrate precursor film interface, since 
the substrate will have higher thermal conductivity 
than the precursor or the intermediate liquid compo- 

15 sftion. Thus, there will be a temperature gradient In 
the film and substrate, where the precursor film will 
be at a higher temperature than the substrate. The 
cooler substrate can then provide a site of nuclea- 
tlon for the formation of the superconductor film. 

20 For further understanding of the invention, the 
drawings will now be considered. In Figures 1 and 2 
are depicted different views of tubular devices and 
arrangements for production of superconductor 
films. The gold sealed vessel 10 houses thallium 

25 pellet sources 12 and 14. A substrate 16 separates 
pellet 12 from the superconductor layer precursor 
20. A wire horseshoe spacer 22 prevents the pellet 
source 14 from touching the superconductor layer 
20. Prior to sealing tube 10, the various components 

30 may be assembled to provide the indicated assem- 
bly and introduced into the housing 10. The housing 
may then be sealed and intro duced into a furnace 
where it is rapidly heated to the desired temperature 
and maintained at that temperature. However, it is 

35 not necessary to seal the pouch in order to prepare 
high quality films using this process geometry. 
Usually, a small amount of air or oxygen will be 
allowed to remain in the sealed housing 10. Upon 
heating, the pellet sources will partially evaporate, so 

40 as to maintain a thallium oxide overpressure in the 
housing 10, to prevent significant evaporation of 
thallium oxide from the superconductor precursor 
layer. After sufficient time for the superconductor 
layer to form, the tube may be allowed to cool by 

45 turning off the furnace and letting the furnace 
chamber come to room temperature. 

In Figure 3, an alternative embodiment is provided, 
where infrared heat is employed to produce the 
desired temperature. Mounted on a base 30 is cover 

50 32 having conduit 34 and valve 36 for evacuating or 
pressurizing the chamber 40. The cover 32 has an 
infrared transparent ceiling 42 to allow for trans- 
mission of infrared rays Into chamber 40. An infrared 
source 44 is provided which is able to irradiate the 

55 entire chamber. A removable mask 46 is provided 
which when in place prevents radiation from heating 
the superconductor film precursor 50. The super- 
conductor film precursor 50 is coated onto substrate 
52 which sits on base 30. A thallium oxide ring 54 Is 

60 mounted on support 56 inside the chamber, where 
the thallium ring will be exposed to the infrared 
radiation when the mask is in its position. 

In preparing a superconductor film, one would 
place the substrate 52 coated with the supercon- 

65 ductor precursor film 50 onto the base 30 and then 



7 



13 



EP 0357 507 A2 



14 



mount the cover 32 on the base. The chamber may 
then be filled with oxygen and irradiation with the 
infrared lamp 44 begun, with the mask in place. 
When a sufficient thallium oxide partial pressure has 
been achieved, the mask may be removed and the 
precursor film 50 heated to an elevated temperature, 
so as to provide for formation of the superconductor 
film. After sufficient heating, the lamp 44 may be 
turned off, the chamber 40 allowed to cool to room 
temperature, evacuated, and the cover removed for 
isolation of the superconductor film. 

In Figure 4, an alternative embodiment is indi- 
cated, where one or more substrates may be coated 
with a superconductor film precursor, where the 
substrate may be repetitively coated, until a layer of 
the desired thickness has been achieved. A housing 
60 is provided having conduit 62 with pressure 
gauge 64 and valve 66. The base of the housing 60 
has two heaters, 70 and 72 which can provide heat to 
vessels 74 and 76 respectively. Attached to one end 
of vessel 74 is rod 80 which extends through orifice 
82 outside of housing 60. Seal 84 prevents the 
introduction of air or loss of vapors into housing 60. 
Substrate 86 is situated in vessel 74 supported at an 
angle by mount 90. By means of rod 80, vessel 74 
may be moved from position A, where the surface of 
the liquid precursor to the superconductor film is 
substantially parallel to the base 78 of housing 60. In 
this position, the substrate 86 is immersed in the 
superconductor precursor liquid. By lowering the 
temperature or evaporating some of the solvent, 
crystallization of a superconductor film on the 
substrate is induced. By raising the rod 80, or tilting 
the entire apparatus, one can then move the liquid to 
position 92 indicated by the broken lines B, so that 
the substrate 86 and superconductor film is no 
longer coated with the superconductor precursor 
liquid 94. Vessel 76 will contain thallium oxide liquid 
96 which may serve to provide a thallium oxide 
overpressure in the housing 60. The temperature of 
the thallium oxide liquid 96 may be maintained at a 
lower temperature from the superconductor precur- 
sor liquid, since it will be solely comprised of thallium 
oxide, and can be used to control the overpressure 
in the housing 60. 

The subject device components can be used in a 
wide variety of devices. Because superconductive 
layers have low microwave surface impedance, they 
find use in numerous microwave and millimeter wave 
applications. The subject elements comprising the 
substrate and film, by appropriate choice of sub- 
strates, may find use in radio frequency cavities and 
resonators, microwave shielding, antennas, in trans- 
mission lines, employing different structures, such 
as coaxial, microstrip, coplanar wave guide, coplanar 
strip line, inverted or suspended microstrip, and the 
like. The devices find use in signal communications 
or delays, filters, resonators and oscillators, circuit 
interconnections, power combiners, and antenna 
feeds. 

For a narrowband microwave filter with supercon- 
ducting resonator elements, the specifications could 
be: 

Transmission medium: microstrip coupled lines 
(5-15 resonator elements) 



Bandwidth: 0.1-10^fo at the center frequency (f 0 ) 
Dimensions: 

Superconductor thickness (t) = 1 micron Relative 
dielectric constant 
5 (Er) = 9.65 (MgO) 

Loss tangent = .0002 (MgO) 
Substrate height (h)=25 mils 
Spacing (s)« 10-150 mils 

Line width (w)«1-40 mils Length (1), 0.25 guide 
10 wavelength at f 0t 

1 = 114 mils at 10GH* 
Package dimensions: 
X=1 in. 
Y-1 in. 
15 Z=.25in. 

The filter is packaged in a shielded case and 
cooled to 77° K and connected with an SMA coaxial 
connector to other hardware part. 
An exemplary narrow band microwave filter with 

20 superconducting resonator elements is depicted in 
Figure 5. The filter comprises antenna 100 which 
feeds the signal to microwave filter 102. The signal 
from microwave filter 102 is fed to mixer 104 in 
conjunction with signal 106. A swept local oscillator 

25 110 also feeds a signal into the mixer 104. which 
provides an output to dispersive delay line 112 in 
conjunction with signal 114. The superconducting 
resonator elements 1 16 are shown in an array where 
*w" is line width, "s" is spacing and "1 " is length. The 

30 low loss of the narrow band microwave filter enables 
the microwave receiver to have a relatively higher 
signal to noise ratio. The dispersive delay line is used 
to process long pulses (higher energy) as if they 
were short pulses (higher range resolution). First 

35 described by R.H. Dicke, U.S. Patent No. 2.624.876, 
issued January 6, 1953. 

Delay lines are an integral part of a digital 
instantaneous frequency measurement (DIFM) com- 
ponent. The delay line specifications could be as 

40 follows: 

Dimensions: 

Superconductor thickness (t) =0.015 urn -2 urn 

Sr-9.65 (MgO) 

Loss tangent =0.0002 (MgO) 
45 Substrate height (h)=25 mils 

Line width (w)= 0.04-40 mils 

Total length (1)=20 mm 

Package dimensions: 

X=1 in. 
50 Y=1 in. 

2= .25 in. 

The delay line can be packaged in a shielded case 
thermally attached to a 77° K cold finger with SMA 
coaxial connectors interconnecting the delay line 

55 within the DIFM. 

A digital instantaneous frequency measurement is 
diagrammaticaily depicted in Figure 6. The antenna 
120 feeds a signal to a diode 122 which feeds the 
signal to power splitter 124. The power splitter 124 

60 outputs directly to phase detector 126 through lines 
130 and 132 which comprises delay line 134 
comprised of the superconductor film. The outputs 
of lines 130 and 132 are fed into phase detector 126, 
which then outputs signals 136 and 140 to video 142. 

65 The following examples are offered by way of 
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illustration and not by way of limitation. 



EXPERIMENTAL 

The individual 71. Ca. Ba and Cu metal carboxylate 
compounds were prepared following established 
procedures. The resulting solutions of metal soap 
compounds in chloroform were reduced in volume 
by evaporation and analyzed by atomic absorption 
for their metal contents. 7hese precursor solutions 
were then used to prepare the precursor sol by 
combining 5g copper 2-ethylhexanoate, 3.29g ba- 
rium 2-ethylhexanoate, 3.1 4g calcium 2-ethylhexa- 
noate, and 8.462g thallium 2-ethylhexanoate in 5 ml 
of chloroform. The precursor stoichiometry was 
TteCaaBaaCus- The solution was mixed by shaking 
for several hours. This precursor solution was spun 
onto a single crystal yttria-stabilized zirconia 
(<100> orientation) substrate at 4000 rpm for 30 
sec followed by pyrolysis at 400° C for 5 min. This 
spin/pyrolysis procedure was repeated twice more 
at 250° C. Oxide pellets with a molar ratio 
Tl:Ca:Ba:Cu-1:3:1:3 were prepared by mixing the 
individual oxides together by grinding and then 
pressing uniaxiaily in a Carver press. The pellets and 
the coated substrate were placed in air in a V4" 
diameter gold tube and hermetically sealed. The 
sealed gold tube was attached to a thermocouple 
probe using wire and inserted into a preheated tube 
furnace. The material was brought to a temperature 
of 855° C in 2 min and held for 10 min. The sample 
was then removed from the furnace and cooled to 
room temperature. The entire film processing proce- 
dure required about 15 min to complete. 

Optical micrographs of the pyrolyzed film revealed 
the presence of a large number of plate and 
needle-like (plate on edge) structures throughout 
the film. Both structures were found to have, by 
energy dispersive x-ray analysis, the 2223 composi- 
tion. Scanning election microscopy of the film 
showed the plate-like morphology of the supercon- 
ducting 2223 compound. The micrograph also 
showed the spherical Ca/TI oxide deposits that 
inhabit regions immediately adjacent to the plate-like 
structures. The composition of the plate was 
determined by SEM-EDX (scanning electron micro- 
scopy energy dispersion x-ray spectroscopy) to 
consist of 12 atomic percent Ba, 12 Tl, 12 Ca and 20 
Cu. The compositional analysis results were consist- 
ent from area to area and are consistent with the 
material possessing a 2223 metal stoichiometry. The 
highly oriented nature of the 2223 film is indicated by 
the large enhancement of the <001 > reflections in 
an x-ray diffraction scan. A minor peak at 6° was 
indicative of a very small amount of the 2122 phase in 
the film. The temperature dependent magnetic 
susceptibility measurement was performed on the 
film on the assumption that the material consisted of 
a 2 micron thick fully dense film. It was calculated 
that greater than 60% of the material became 
superconductive. 

To prepare the 2122 composition, the above 
procedure was repeated, except the composition of 
the source material corresponded to a TI:Ca:Ba:Cu 



atomic ratio of 2:2:2:3. The temperature was slightly 
modified to 860° C for reaction and the substrate 
which was employed was a magnesium oxide 
substrate single crystal that had been chemically 
5 polished using hot concentrated phosphoric acid as 
described previously (See Sanywal and Sutaria, J. 
Mater. Sci. (1976) 11:2271-2282) to provide a 
substantially defect free (<100> ) surface. 

Optical micrographs of the pyrolyzed film revealed 

10 the presence of a large number of plate-like 
structures throughout the film. These structures 
were found by SEM-EDX to have a chemical 
composition corresponding to the 2122 material. 
SEM of the film clearly showed the plate-like 

15 morphology of the superconducting 2122 com- 
pound. The film was highly c-oriented as indicated by 
highly enhanced <001> reflections. The film was 
found to be epitaxial by comparing electron channel- 
ing patterns of the single crystal substrate with that 

20 of the film in various regions. The morphology of the 
film is strongly indicative of the presence of an 
intermediate liquid phase during processing. The 
surface of the film (which resembles thin film 
surfaces obtained by liquid phase epitaxial growth 

25 techniques), was analyzed by EDX to have the 
correct cation stoichiometry for the 2122 compound. 

Electron beam channeling patterns were obtained 
from many representative areas within the film. 
Electron channeling patterns of the film revealed that 

30 the orientation of the a, b plane within the 2122 film 
was identical to that of the substrate in many areas 
throughout the film. In a few areas, the channeling 
pattern of the film was slightly misoriented (by a 
constant amount) from the substrate, perhaps 

35 indicative of a buildup of strain or dislocations at the 
film/substrate interface due to lattice mismatch 
which is approximately 9%. The lattice registry with 
the surface was maintained not only at layers close 
to the magnesium oxide substrate, but also at the 

40 top of plates many microns from the substrate 
surface. 

To deposit a thallium-based superconducting film 
by PVD, for example of the 2223 composition, a 
substrate is loaded into a specially designed vacuum 

45 chamber, and held in position where it faces a target 
approximately 6 cm away. The vacuum chamber is 
evacuated to a pressure of less than 1 x lO -6 torr, 
then back filled to 5 x 1G~ 3 torr with oxygen, while the 
substrate is heated to a temperature between room 

50 temperature and 400° C. Material is then vapor 
transported from the target to the substrate by laser 
ablation, using a laser energy density on the target of 
1 .5 to 2.0 Joules/cm 2 . The laser is pulsed at 5Hz for 5 
to 10 minutes, depositing a film 0.5 to 1.0 ujti thick. 

55 After ablation, the film Is cooled to room temperature 
and the substrate removed from the vacuum 
chamber. 

The film thus deposited is continuous and smooth 
over the entire substrate. In some locations there 

60 are particles on the film surface that appear to have 
been transported from the target either in solid 
particle form or as small melted globules. The film 
composition, measured by energy dispersive x-ray 
(EDX) spectroscopy, is found to be the same as the 

65 target composition for substrate temperatures up to 
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400° C. Thus if the target has the 2223 composition, 
the film has the same composition. When the 
substrate temperature is 600° C, the maximum 
content of the film is lower than that of the substrate 
because the film loses thai Hum by evaporation. The 
loss can be compensated by increasing the thallium 
content of the target. 

The films are not superconducting as deposited, 
but become superconducting after annealing at 
750-850° C in a gold pouch containing a source of 
thallium vapor. 

An additional number of preparations were carried 
out using a variety of substrates. The substrates 
include polycrystalline forms of magnesium oxide, 
zirconia and alumina, as well as single crystal 
sapphire. The films are prepared by coating a 
chloroform solution of Tl, Ca, Ba and Cu 2-ethylhexa- 
noates onto the substrate and pyroJyzing the film at 
250° C. This process is repeated up to as many as 10 
or more times to develop the desired thickness prior 
to high temperature processing. A film thickness of 
5u, is obtained after coating a substrate three times. 

The chemically deposited films are prepared by 
first coating cleaned substrates three times as 
described above. The prepyrolyzed film is amor- 
phous by XRD and TEM. The film consists of an 
intimate mixture of the metaJ ions, where the Tl, Ca 
stoichiometry of the film prior to high temperature 
pyrolysis has not been found to be particularly 
critical to producing the high temperature supercon- 
ductor (HTSC) material. However, if excess Ba and 
Cu are added, large hexagonal crystals of barium 
cuprate are produced during high temperature 
pyrolysis. 

High temperature thermal processing is carried 
out using the following procedure. The initially 
amorphous chemically deposited film is placed 
between two source pellets. The source materials 
are typically 1/2 inch diameter uniaxially pressed 
powder compacts of Tl-Ca-Ba-Cu oxides. The 
stoichiometry of the source material plays a critical 
role in determining the phase(s) that are produced 
during processing. The two most common source 
compositions that are used are Tl-Ca-Ba- Cu ratios 
of 1313 and 2223. A spacer is placed between the 
pellets and a film inserted between them. The film 
surface is prevented from touching the surface of 
the pellet through the use of a ceramic or metal 
spacer. It is important to prevent contact of the film 
with the source material in order to obtain morpho- 
logically uniform films over large areas (>1cm 2 ). 
Contact of the film with the source material often 
destroys the uniformity and integrity of the final fired 
film. 

The source/film structure is inserted into a 
preconditioned gold tube. The gold tube is then 
purged with air, nitrogen or oxygen, and closed 
(hermetic seal is not necessary). The material is then 
heated to a final temperature ranging between 600° 
and 910°C. The heating rate that is employed is 
important. Slow heating rates ranging from 
10-30° C/min usually produce polycrystalline, uno- 
riented films that range in thickness from 2-10 
microns. Faster heating rates produce oriented 
films. The typical range of heating rates used to 



produce oriented films is between 50-500° C/min. 
The higher heating rates are obtained by placing the 
gold pouch directly Into a preheated tube furnace 
and monitoring its temperature by using a thermo- 
5 couple inserted directly into the pouch, the film 
orientation that is obtained upon rapid heating of 
chemically deposited films is largely the c-axis of the 
material normal to the substrate surface. Rocking 
curves as sharp as 0.3 degrees have been obtained 
10 for such materials. Some evidence for nudeation of 
material with its C-axis parallel to the substrate has 
also been observed; however this material repre- 
sents a small volume fraction of any particular film. 
Epitaxy has been demonstrated for single crystal 
15 MgO substrates. 

The degree of orientation of the film is intimately 
related to the phase formation process. The inter- 
mediate liquid phase that is obtained during high 
temperature processing plays a key role in control 
20 ing the morphology, phase identity and purity, 
crystallographic orientation and density of the film. 
The studies show that the intermediate liquid phase 
obtained consists primarily of Tl and Ca oxide at low 
temperature (ca., 600° C). Large grains of the 2-layer 
25 material have been observed at temperatures as low 
as 650° C for rapidly heated samples, indicating that 
liquid phase formation is indeed occurring at these 
relatively low temperatures. DSC experiments on 
pyrolyzed chemical precursors corroborate these 
30 findings. Slow heating rates (i.e., 10°C/min) result in 
a relatively small amount of liquid phase (per unit 
volume) being produced in the film and a large 
number of nudeation sites within the film. These 
factors combine to produce fine grained material 
35 (<5 microns) exhibiting a very low degree of 
crystallographic orientation. The nudeation is ran- 
dom in orientation and occurs throughout the 
deposit, resulting in a randomly interconnected 
platelet structure of the superconducting material. 
40 The coverage of the film on the substrate is excellent 
and uniform - apart from the fact that the film is a 
fairly porous network of 5 micron grains of material. 
A surface resistance measurement of a polycrystal- 
line film on single crystal MgO revealed that the 
45 material had a reasonably low loss with a surface 
impedance that was approximately a factor of two 
greater than cryogenic copper at 50K and 10 GHz. 

On the other hand, rapid heating rates 
(> 50° C/min) produce a markedly different film 
50 morphology. During rapid heating of the precursor 
film, a large volume fraction of liquid phase is 
produced. The liquid, which initially consists primar- 
ily of Tl and Ca oxides, rapidly dissolves any barium 
and copper In contact with it and directly precipi- 
55 tates out the 2122 or 2223 compound. The liquid 
phase is very mobile and formed early In the heating 
process. Material transport via this intermediate 
liquid phase is extremely rapid. Thus an initially 
porous 5 micron (low initial, density) thick film can 
60 shrink in thickness to just over 1 micron during 
processing. The phase that is produced from the 
liquid depends upon the overpressure that is in 
equilibrium with the liquid. The use of source 
materials that contain the 2223 phase (or produce it 
65 during the anneal experiment) will typically result in 
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films that contain the 2223 phase. The local thallium 
overpressure is Important to determining the phase 
that is produced from the liquid. If the overpressure 
is too low, no superconducting material is obtained. 

The degree of crystallographic orientation of the 
film can be readily controlled through appropriate 
selection of the film process condition. By employing 
heating rates between 20 and 50°C/min (the end 
regimes for polycrystaJline and oriented/epitaxial 
film growth), partially oriented films exhibiting a 
range of morphologies, densities, and thicknesses 
can be obtained. 

Sharp superconducting transitions have been 
obtained for 2 layer films both by resistivity measure- 
ments (R — O at 107K) and AC susceptibility. An 
oriented 2122 film produced by this process on 
single crystal MgO has apparently the lowest surface 
resistance at 77K of any HTC film or bulk material 
that has been reported. This material was oriented 
and, perhaps, epitaxially related to the substrate. 
Rims prepared using the same processing parame- 
ters were found to exhibit very sharp x-ray rocking 
curves; typically less than 0.7 degree full width at half 
maximum (FWHM). Values as low as 0.3 degrees 
were also obtained. This value is comparable to the 
best rocking curve data that have been reported for 
HTSC thin films of any material. Additionally, further 
improvement may be achieved with optimization of 
this process. 

For rapid thermal annealing of films with a Tl 
overcoat, the following experiment was performed. 
A coating of Tl 2-ethylhexanoate was spun onto a 
prefixed film containing the oxides of Ca, Ba and Cu. 
The initial film was prepared by firing a normal 
stoichiometry film (2223) in a Tl overpressure 
insufficient to prevent complete vaporization of Tl 
from the sample. A total of three Tl overcoats were 
added followed by firing in an oxygen atmosphere at 
860° C in a sealed gold pouch. A source pellet was 
included in the pouch to control the Tl overpressure. 
After processing, the film contained a large amount 
of 3-layer superconducting material. 

In the next experiment, a 2223 mixture of the 
appropriate metal cations was dissolved in nitric acid 
and the solution evaporated onto a single crystal 
MgO substrate. This material was dried in a box 
furnace at 80° C and fired in a gold pouch using the 
normal procedure. The 2122 compound was formed 
from the thermally processed nitrate precursor. The 
morphology and composition of a number of areas 
of the film (SEM-EDX) were entirely consistent with 
the presence of the 2122 material. Other solutions or 
colloidal dispersions that may be used to deposit 
precursor films include carbonates, citrates, hydrox- 
ides, fluorides, chlorides, and acetates of these 
metal ions. Tl, Ca, Ba or Cu salts can share the same 
counterion (i.e., all be chloride salts), or consist of 
various complex mixtures of different anions. The 
precursors are fired under the appropriate condi- 
tions to complete phase formation and removal of 
the counterions (i.e., removal of halides requires 
heating under a water-containing atmosphere, 
oxygen atmosphere for organics). 

Studies have conclusively shown that the inter- 
mediate liquid phase that was used to engineer the 



morphology and properties of the films can be very 
reactive with a number of different materials of 
technological interest. Direct physical contact of the 
partial melt produced within the film can result in 

5 degradation of the superconducting material; par- 
ticularly on substrates such as sapphire or polycry- 
staJline alumina. Often after processing the films on 
Al-contaJning substrates the presence of barium- 
aluminate crystallites in the film has been observed. 

10 The obvious corrosion of single crystal plates of the 
2122 or 2223 compound that were produced early on 
during thermal processing but were subsequently 
dissolved by contact with liquid during processing to 
degrade the material were noted. 

15 Superconducting Tl films on sapphire substrates 
are produced without interference from the sub- 
strate by employing the following technique, The first 
is to fire the film using an intermediate heating rate 
(approximately 50°C/min) that effectively serves to 

20 limit the amount of liquid phase that is present at any 
particular time during the process. The second is to 
limit the substrate reaction by reducing the amount 
of time the material is at high temperature. Both of 
these techniques have been demonstrated in the 

25 laboratory to be successful for controlling deleteri- 
ous substrate reactions of the 2122 or 2223 phases 
on sapphire substrates. 

Other than lowering the temperature or shorten- 
ing the time at temperature, another method for 

30 reducing substrate reaction is to deposit a barrier 
layer onto the troublesome substrate material. MgO 
and Y-stabilized zirconia as buffer layer materials on 
sapphire, silicon and gallium arsenide substrates 
may be employed. Zirconia (yttria stabilized) and 

35 magnesium oxide demonstrated phase compatibility 
with these materials under the subject current 
process conditions. The buffer layer material can 
either be epitaxial or polycrystaJline. 
A number of preparations were carried out using 

40 the following experimental procedure. 

The metal 2-ethylhexanoate precursor solutions 
were prepared using standard published synthetic 
procedures. The film itself was generated by spin- 
ning a solution prepared from copper 2-ethylhexa- 

45 noate, barium 2-ethyl hexanoate, calcium 
2-ethylhexanoate and thallium 2-ethylhexanoate 
onto the appropriate substrate. The film thickness 
was adjusted by controlling solution viscosity, spin 
speed, spin time and number of coats. Typically the 

50 substrate was spun at 3000 rpm for 30 sec. After 
each precursor coat, the film was fired at 250° C for 6 
min to pyrolyse the 2-ethylhexanoate. This was 
repeated three times to build up sufficient thickness 
of the precursor material. 

55 The pyrolysed films were loaded into gold 
pouches containing oxide pellets of known stoichio- 
metry (for example TI/1: Ca/3: Ba/1: Cu/3) and 
compression sealed. Both air and oxygen atmos- 
pheres have successfully produced the supercon- 

60 ducting phase. The charged gold capsule was 
heated in a horizontal tube furnace at a temperature 
ranging from 750° C to 9^)°C and for times from 30 
sec to 5 min and in all cases the superconducting 
phase was identified by powder X-ray diffraction and 

65 energy dispersive X-ray analysis. A typical ex- 
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perimental procedure is outlined below: 
5g copper 2-ethylhexanoate, 3.29g barium 
2-ethylhexanoate, 3.14g calcium 2-ethylhexanoate 
and 8.462g thallium 2-ethylhexanoate in a minimum 
volume of chloroform were mixed by shaking for 
several hours. This precursor solution was spun 
onto a 1x1cm single crystal yttrla-stabilized zirconia 
(>100< orientation) substrate at 3000 rpm for 30 
sec followed by pyrolysis at 250° C for 6 min in a 
Lindberg box furnace. This spin/pyrolysis procedure 
was repeated twice more at 250° C. The coated 
substrate and oxide pellets with molar ratio 
TI:Ca:Ba:Cu 1 :3:1 :3 were loaded into the gold pouch 
under air. The film was sandwiched between two 
pellets and the film surface kept from the pellet itself 
using a spacer made from thermocouple wire. This 
whole package was heated in a Lindberg 1" tube 
furnace from 25°C to a temperature of 855°C in 10 
min and held for 4 min. Cooling to room temperature 
took a further 5 min and was achieved by opening 
the furnace. 

Advantages of the laser ablation method include 
the cleanliness inherent in vacuum deposition, 
precise and repeatable control of the rate of film 
growth, control of film stoichiometry via the target 
composition, control of oxygen activity via the 
choice of oxygen species and/or plasma activation, 
and the ability to grow on a substrate at elevated 
temperature to encourage epitaxial growth. 

The subject articles comprising superconductive 
thallium-based layers on crystalline substrates pro- 
vide for an extraordinary advance over previously 
prepared materials. The subject articles have super- 
conductive properties at liquid nitrogen or higher 
temperatures, are highly oriented and in many 
instances are grown epitaxiaiiy on a crystalline 
substrate and as shown, provide for a number of 
highly desirable physical and electrical properties. 

In addition, novel methods have been provided for 
producing the subject compositions, where growth 
can be carefully controlled, so as to provide for 
highly oriented and epitaxial films. In addition, the 
thickness can be controlled, so as to provide for 
greater homogeneity and uniformity of the sol-gel 
film. Also, the rate of growth of the crystallites is 
controlled under controlled temperature conditions, 
to provide for substantial homogeneity. 

Advantages of the sol-gel technique include the 
capability to coat large areas uniformly, atomic-scale 
mixing of the components at room temperature, low 
temperature synthesis of mixed metal oxides, ame- 
nability to powder, bulk, film or fiber development, as 
well as attaining of high chemical purities. 

The laser ablation system has the advantages of 
safety, the system is opened at room temperature, 
the opportunity to prepare the superconducting Tl 
films in situ , and the ablation and condensation zone 
may be surrounded by disposable shields, where 
stray thallium will deposit, rate of growth and 
thickness can be carefully controlled, and epitaxial 
growth can be encouraged. 

The subject invention provides for a number of 
protocols for producing films of varying thicknesses 
having superconductive properties. The methods 
are convenient, allow for coating of a variety of 



substrates, and can provide different physical char- 
acteristics of the superconductive film. 

All publications and patent applications cited in 
this specification are herein incorporated by ref- 

5 erence as if each individual publication or patent 
application were specifically and individually indi- 
cated to be incorporated by reference. 

Although the foregoing invention has been de- 
scribed in some detail by way of illustration and 

10 example for purposes of clarity of understanding, it 
will be readily apparent to those of ordinary skill in 
the art in light of the teachings of this invention that 
certain changes and modifications may be made 
thereto without departing from the spirit or scope of 

15 the appended claims. 



Claims 

20 1. A superconducting article comprising an 

oriented superconducting layer of thallium, 
optionally calcium, barium, and copper oxide on 
a crystalline substrate, said layer being at least 
30 Angstroms thick and having a c-axis oriented 

25 normal to the crystalline substrate surface. 

2. A superconducting article according to 
Claim 1 wherein said superconducting layer is 
epitaxial to said substrate. 

3. A superconducting article according to 
30 Claim 1, wherein said superconducting layer 

has the 21 22 composition. 

4. A superconducting article according to 
Claim 1, wherein said superconducting layer 
has the 2223 composition. 

35 5. A superconducting article according to 

Claim 1, wherein said substrate is magnesium 
oxide or yttria stabilized zirconia. 

6. A superconducting article comprising an 
superconducting epitaxial layer of thallium, 

40 barium, calcium and copper oxide on magne- 

sium oxide. 

7. A superconducting article according to 
Claim 6, wherein said superconducting layer is 
the 2122 composition. 

45 8. A microwave or millimeter device compris- 

ing an article according to any of Claims 1 , 6 and 
7, wherein said superconducting layer is under 
about 1 micrometer in thickness. 

9. A digital instantaneous frequency 

50 measurement device comprising: 

a diode in signal receiving relationship from an 

antenna; 

a power splitter; 

a phase detector; 

55 a delay line comprising an oriented supercon- 

ducting layer of thallium, optionally calcium, 
barium, and copper oxide on a crystalline 
substrate, said layer being at least about 30 
Angstroms thick and having a c-axis oriented 

60 normal to the crystalline substrate surface, said 

layer being in the form of an extended wire ; 
means connecting said diode to said power 
splitter and said power splitter to said phase 
detector; and 

65 means for connecting said phase detector to an 
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output. 

10. A microwave receiver comprising: 

a microwave filter for receiving a signal from an 
antenna, said filter comprising an oriented 
superconducting layer of thallium, optionally 5 
calcium, barium, and copper oxide on a crystal- 
line substrate, said layer being at least about 30 
Angstroms thick and having a c-axis oriented 
normal to the crystalline substrate surface, 
wherein said layer is in the form of stepped 10 
strips coated onto said substrate; 
a mixer; 

a swept local oscillator; 
a dispersive delay line; 

means for connecting said microwave filter and 15 

swept local oscillator to said mixer and said 

mixer to said dispersive delay line; and 

means for connecting said dispersive delay line 

to an output 

1 1 . A method for producing a superconducting 20 
article comprising an oriented superconducting 
layer of thallium, optionally calcium, barium and 
copper oxide, said layer being at least 30 A thick 

and having a c-axis oriented normal to the 
crystalline substrate surface, said method com- 25 
prising: 

coating a crystalline substrate surface with a 
liquid phase containing thallium, calcium, ba- 
rium and copper oxides at an elevated tempera- 
ture; and 30 
cooling said solution, whereby said metal 
oxides crystallize on the surface to form a 
superconductive layer of said metal oxides as 
an oxide on said substrate. 

1 2. A method for producing a superconducting 35 
article comprising an oriented superconducting 

layer of thallium, optionally calcium, barium and 
copper oxide, said layer being at least 30 A thick 
and having a c-axis oriented normal to the 
crystalline substrate surface, said method com- 40 
prising: 

coating a crystalline substrate surface with a 
solution of thallium, calcium, barium and copper 
carboxylate soaps to produce a coating; 
pyrolyzing said soap coating at an elevated 45 
temperature in the presence of oxygen and an 
overpressure of at least thallium oxide of said 
oxides in a predetermined ratio for sufficient 
time to produce a superconductive layer of said 
metals as an oxide on said substrate. 50 

13. A method according to Claim 12, wherein 
said overpressure is supplied by pellets of at 
least thallium and calcium oxide mechanically 
removed from contact with said coating. 

14. A method according to Claim 12, including 55 
the additional step of prepyrolyzing said soaps 

at a lower temperature than said pyrolyzing. 

15. A method according to Claim 14 wherein 
said prepyrolyzing is at a temperature in the 
range of 250 to 450° C and said pyrolyzing is at a 60 
temperature in the range of 700 to 950° C. 

16. A method according to Claim 12, wherein 
said substrate is magnesium oxide or yttria 
stabilized zirconia. 

17. A method for forming a superconductive 65 



film consisting essentially of thallium, barium, 
calcium and copper oxide employing laser 
ablation in an oxidizing atmosphere, said 
method comprising: 

laser ablating a target comprising thallium, 
optionally calcium, barium and copper oxides in 
a thallium and oxidizing atmosphere comprising 
an oxygen source in the presence of a target, 
whereby a plume of atoms is formed and 
directed to said target and said atoms impinge 
and bind to said target surface; 
annealing under conditions to form a high 
temperature superconducting composition; 
and 

cooling said atoms on said target surface to 
form a superconductive oxide layer. 

18. A method for producing a superconducting 
article comprising an oriented superconducting 
layer of thallium, optionally calcium, barium and 
copper oxide, said layer being at least 30 A thick 
and having a c-axis oriented normal to the 
crystalline substrate surface, said method com- 
prising: 

heating to an elevated temperature a mixture of 
thallium, optionally calcium, barium and copper 
oxides to form a liquid of an appropriate 
composition for formation of a crystalline 
superconductive layer; 

immersing said crystalline substrate in said 
liquid at said elevated temperature; 
cooling said liquid by from about 10 to 50° C or 
evaporating a portion of said liquid inducing 
crystallization of a superconductor and remov- 
ing the main body of said liquid leaving a layer 
on said substrate. 

19. A method for producing a superconducting 
article comprising an oriented superconducting 
layer of thallium, calcium, barium and copper 
oxide, said layer being at least 30 A thick and 
having a c-axis oriented normal to the crystal- 
line substrate surface, said method comprising: 
coating said substrate with a first coating of a 
thallium and calcium oxide; 

coating said first coating with a second coating 
comprising barium and copper oxide, wherein 
the atomic ratio is appropriate for formation of a 
superconductive layer; 

heating said coatings to a liquefying tempera- 
ture, whereby said thallium and calcium oxides 
form a liquid which dissolves said barium and 
copper oxides; and 

cooling said liquid to form a superconductive 
layer. 
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Description 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application claims priority to U.S. application 
Serial N° 238,919, filed August 31, 1988, now issued as 
U.S. Patent N* 5 071 830 entitled "Metal Organic Com- 
position Method for Forming Epitaxial Thallium-Based 
Copper Oxide Superconducting Films". 

INTRODUCTION 

Technical field 

This invention concerns thallium based supercon- 
ductors and devices employing such compositions. 

Background 

A recent scientific revolution in high temperature su- 
perconductivity has resulted from the discovery of many 
new metal oxide compounds, particularly copper oxide 
compounds, having dramatically increased supercon- 
ducting transition temperatures (T c ). The initially discov- 
ered compounds were, tor the most part, based on the 
combination of alkaline earth metals and rare earth met- 
als, such as barium and yttrium in conjunction with cop- 
per. More recently, thallium based superconductors have 
been prepared, where the compositions have various 
stoichiometrics of thellium, calcium, barium, copper and 
oxygen. The thallium materials have been more difficult 
to process, since the thallium Ca-Ba-Cu-O deposits are 
able to attain a composition which is liquid at processing 
temperatures. Thallium oxides have a relatively high va- 
por pressure at processing temperatures about 500 a C 
and this has added to the difficulties in processing to en- 
sure that the crystal structure has the correct stoichiom- 
etry. For the most part, sealed Au or Pt ampoules are 
used to control Tl volatilization by developing a controlled 
overpressure of Tl and oxygen above the film during high 
temperature processing. 

Superconducting films are of great interest. Howev- 
er, in order to be useful, the films must be fairly uniform, 
be capable of carrying the current requirements of the 
device, have a superconducting transition temperature 
desirably aubstantially greater than the temperature of 
liquid nitrogen, have much lower RF surface resistance 
than copper, and be capable of reproducible preparation. 

Relevant Literature 

Ginley and co-workers at Sandia National Labora- 
tories recently reported the preparation of superconduct- 
ing thin films of the 2122 thallium compound (T^, Ca : 
Ba 2 , Ciig, O s ). Jim Kwak at the same laboratory has re- 
ported pofycrystailine thallium based films on yttria sta- 
bilized zirconia. Their films were prepared on yttria sta- 



bilized zirconia substrates by sequential e-beam evapo- 
ration of the individual metals on the substrate, followed 
by a post deposition reaction step in a closed platinum 
crucible. The films that were obtained were unoriented 

5 and exhibited a transition temperature of 97K. IBM has 
reported preparing oriented thin films of the 2223 and 
2122 compounds by rf diode sputtering. 

A large number of articles have been published con- 
cerned with the thallium compounds. Illustrative of these 

io articles are Sheng and Hermann, Nature , (1988) 
332 :55-58, generally disclosing TICaBaCuO 
superconductors ; Sheng and Hermann, Nature , (1 988) 
332:138-139, generally disclosing TICaBaCuO 
superconductors; Ginley et aL, Phvsica C, (1988) 

'5 152:217-222: Superconductor Week . Vol. 2, No. 18, 
May 9, 1988, reported that Sandia had prepared unori- 
ented polycrystalline Tl thin films that have reached crit- 
ical current densities of 110,000 A/cm 2 at 77K with a T c 
at 97K. In the presence of a high magnetic field (6 Tesla), 

20 a critical current density of 1 x 10 6 Afcm 2 at 4K was ob- 
served. 

Venkatesan et aL, Appl . Phys. Lett . (1988) 
52:1193-1195, and Wu et a]., Proceedings of SPIE 
Symposium on High ^Superconductors , Newport 

25 Beach, CA March 1988, report the use of pulsed laser 
deposition for preparation of high T c superconducting 
thin films. Venkatesan et al^ and Wu et a]., supra claim 
to have achieved YBaCuO films that are superconduct- 
ing after deposition at 650*C, followed by oxygen an- 

30 nealing at 450°C. Witanachchi et at., (Appl. Phys . Lett ., 
in press) report that with the addition of DC bias plasma 
during laser ablation of high T c superconducting YBaC- 
uO thin films, in situ superconducting films can be 
achieved at substrate temperatures as low as 400° C. 

35 Lee et al, Applied Physics Letters, Vol. 53, No. 4, July 
25, 1988, provides various characterizations and struc- 
tural descriptions of thallium containing high temperature 
superconductors. 

^0 SUMMARY OF THE INVENTION 

Superconducting thallium based films on substrates 
are provided, employing processes using growth from a 
liquid phase onto a crystalline substrate. Various tech- 

45 niques and conditions are provided to produce crystal- 
line layers of superconductive material onto the sub- 
strate, obtaining epitaxial growth. 
The products have superior superconductive properties 
as evidenced by surface impedance, with the products 

50 finding particular applications as components of elec- 
tronic devices for microwave and millimeter wave appli- 
cations. 

BRIEF DESCRIPTION OF THE DRAWINGS 

55 

Fig. 1 is a diagrammatic side view of a sealed vessel 
assembly for production of a superconductor film ; 
Fig. 2 is a cross section view along lines 2-2 of Fig. 1 ; 
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Fig. 3 is an arte mate embodiment employing a 
device using infrared heat to produce a supercon- 
ductor film; 

Fig. 4 is a diagrammatic view of an alternate embod- 
iment using a tilting vessel for coating a substrate 
with a superconductor film; 

Fig. 5 is a schematic view of a narrow band micro- 
wave filter; and 

Fig. 6 is a schematic view of a digital instantaneous 
frequency measurement device. 

DESCRIPTION OF THE SPECIFIC EMBODIMENTS 

Compositions and devices are provided comprising 
a thin film thallium based superconductor composition. 
The compositions comprise an average composition Tl a 
Ca n . t , Ba 2 Cu n 0 2n+4 as films on a variety of substrates, 
particularly crystalline substrates. Methods which have 
been employed to produce the films are both chemical 
and physical deposition techniques and include sol-gel 
and laser ablation techniques as preferred. The super- 
conductor layer coated substrates find use as compo- 
nents in a wide variety of electronic devices, particularly 
with microwave and millimeter wave applications. 

The films which are provided are primarily thallium- 
(calcium)-barium-copper oxides, with a stoichiometry 
which may include 2021, 2122, 2223, or such other sto- 
ichiometrics as may be employed. The films will be ori- 
ented films, so as to have a substantially uniform crys- 
tallinity. The films may be comprised of a single crystal 
or a plurality of crystals joined at their grain boundaries. 
The films wilt be highly oriented with the c-axis substan- 
tially normal to the surface of the substrate as demon- 
strated by X-ray analysis or electron beam channeling 
techniques. For the most part, single phase films will be 
obtained, although, as desired, mixtures of two of the 
phases or related phases may be achieved within the 
film. For some applications polycrystalline films may be 
prepared. 

The thickness of the film may be controlled. The film 
may be as thin as one layer, where the layer includes all 
of the necessary planes to obtain superconductivity, gen- 
erally from about 30-50 °A, or may be as thick as two 
micrometers or greater, depending upon the particular 
application. The thickness of the film is primarily a prac- 
tical consideration, rather than a significant limitation of 
the procedures employed. 

For many uses, a fraction of a micrometer thickness 
will be employed, generally in the range of about 0.1 - 
1 pin. The film will have a superconducting transition tem- 
perature of at least 75K, more usually 90K, preferably at 
least about 100K, more preferably about 115K, and par- 
ticularly preferred at least about 1 22K, where the transi- 
tion temperature has so far been substantially less than 
about 150K. 2122 composition films can be achieved 
with a T c of at least 11 OK and 2223 films with a T c of at 
least 122K. The superconducting transition temperature 
should be as high as feasible, though in some situations 



one parameter may be compromised for another param- 
eter. For the most part the films will be used at temper- 
atures in the range of about 60 - 100K. 

The films will usually have critical current densities 

5 at 77K of at least about 1 0 3 A/cm 2 , usually at least about 
10 6 A/cm 2 . For microwave and millimeter wave applica- 
tions, the surface resistance or impedance will generally 
be less than about 10r 3 Q, more usually less than about 
TO" 4 *}, at 10 GHz and at a temperature above 50K, pref- 

io erably above about 75K. 

The films will be substantially free of contaminants, 
having less than about 10 wt. %, preferably less than 
about 5 wt. % of material not involved with the supercon- 
ducting crystal. For the most part, films will be at least 

is about 0.5 cm as their smallest dimension and 3 cm or as 
large as 5 cm or more as their smallest dimension in the 
a,b plane. 

The films will be of high quality as demonstrated by 
low lattice fault densities. By low lattice fault density is 

20 intended a sufficiently low fault density to demonstrate 
the intrinsic superconducting physical transport proper- 
ties and sufficient to achieve required device property re- 
quirements. In addition, smooth surface morphologies 
can be achieved as well as uniform thickness. See For- 

25 syth, Science (1988) 242:391-399, for a description of 
surface morphology of Nb 3 Sn superconductors and the 
effect on electromagnetic properties. 

Furthermore, the films may be grown epitaxially on 
substrates, where the crystal lattice of the superconduc- 

30 tor does not differ by more than about 10% from that of 
the substrate. That is, along the a-axis of the crystal, the 
difference in lattice parameter between their a axes ((a^ 

ubstrate^superconduclorV^ubstrate) mav differ by Up to 

about 10% and still obtain epitaxial growth: However, 
35 with the subject film in addition to being highly oriented, 
one may also achieve epitaxy by appropriate choice of 
substrate. 

Epitaxial Tl 2223 and 2122 films on {100} surfaces 
of MgO having intentional deviations of a few degrees 

40 from nominal orientation on axis can be beneficial. In a 
Tl 2223 film the <001 > axis (lattice parameter, c = 36.26 
A ) is substantially coincident with the <001> axis of the 
MgO substrate or is at a systematic angular deviation in 
epitaxy with large lattice mismatches. Besides the cor- 

45 relation of the <001> axes, the epitaxial Tl film has its 
<100> and <010> axes parallel or at a systematic devi- 
ation to the analogous axes of the MgO substrate. 

various substrates including single crystal, polycrys- 
talline, and amorphous substrates may be employed, de- 

50 pending upon the particular use for the coated substrate, 
whether one wishes epitaxy, the particular processing 
conditions, and the like. Substrates which may find use 
include magnesium oxide, yttria stabilized zirconia, sap- 
phire, alumina, silicon, lanthanum aluminate, strontium 

55 titanate, gallium arsenide, lanthanum gallate, and calci- 
um fluoride. 

various techniques may be employed for producing 
thallium based superconductors on a solid substrate. 



3 



5 



EP 0 357 507 B1 



6 



Techniques which have been employed in the past with 
other superconductor metal oxide compositions include 
laser ablation, thermal evaporation, liquid phase epitaxy, 
electron beam, magnetron sputtering, and chemical va- 
por deposition. Illustrative of methods for producing the 
subject epitaxial layers are liquid phase thermal process- 
ing of sol-gel coating and laser ablation deposited coat- 
ing. 

Liquid phase film formation involves heating a de- 
posited film to form a liquid coat on a substrate, where- 
upon the metal oxides crystallize from the liquid onto the 
substrate to form the superconductor layer. A liquid com- 
position can be formed with Tl oxide, by itself or in com- 
bination with calcium oxide, as the solvent, with the other 
oxides becoming dissolved in the Tl oxide-containing liq- 
uid at an elevated temperature and subsequently crys- 
tallizing with the correct stoichiometry. Upon cooling, 
evaporation of the solvent, or chemical precipitation, the 
metal oxides crystallize to form a crystalline supercon- 
ductor layer. Depending upon the substrate, the layer 
may also be epitaxial. One need not use the oxides ini- 
tially, but can use metal compounds which may serve as 
the source of the metals in the liquid phase, where the 
counterions and conditions result in the formation of the 
desired oxide. The process may be divided into the fol- 
lowing components: (1) Coating of the substrate; (2) En- 
vironment during crystallization; and (3) Thermal proc- 
ess conditions such as temperature, pressure, time; and 
(4) Miscellaneous other considerations. 

For epitaxial growth, there will have to be pretreat- 
ment of the substrate to achieve consistent results. The 
liquid phase epitaxial procedure employs highly polished 
surfaces of the substrate. The surface may be polished 
mechanically or chemically, preferably both. Single crys- 
tal substrates are employed to obtain epitaxial film struc- 
tures. For example, single crystal magnesium oxide 
<100> may be polished using hot concentrated phos- 
phoric acid, for example, at about 80° C with 85% phos- 
phoric acid for 10 min, or by lapping the surface flat and 
to the desired orientation and then immersing in cone 
phosphoric acid at 50°C for 1 -3 min. The resulting chem- 
ically polished crystal surface should be very clean, and 
provide a substantially defect free surface. The particular 
manner in which the surface is polished is not critical to 
this invention. Desirably, as exemplary of magnesium 
oxide, the (100) plane surface will be employed. 

Coating of the substrate may be achieved in a vari- 
ety of ways. One technique is to use chemical precur- 
sors, which upon pyrolysis may provide the desired oxide 
as a coating. Another technique is to employ a liquid 
comprising a solution of the metal oxides having an ap- 
propriate stoichiometry for production of the supercon- 
ductor. Other techniques have been indicated, which in- 
volve vapor phase deposition. The first technique to be 
considered will be employing metallo-organic precursors 
to produce the oxides. 

A sol composition is prepared employing metal 
soaps providing for the appropriate stoichiometry. The 



soaps will be carboxylates of at least about 6 carbon at- 
oms, preferably at least about 8 carbon atoms, and usu- 
ally not more than 1 6 carbon atoms, more usually not 
more than 1 2 carbon atoms. Conveniently, the 2-ethyl- 
s hexanoates have found use, although neodecanoates, 
or other branched chain, particularly alpha-branched 
chain fatty acids may be employed. The metal soaps are 
prepared in accordance with conventional procedures. 
The soaps are dispersed in an appropriate medium, par- 
io ticularly hydrocarbons or halohydrocarbons boiling in the 
range of about 40° C to 100°C, such as chloroform, tol- 
uene, xylene, benzene, methytenedichloride, etc., and 
the mixture made homogeneous by agitation, for exam- 
ple shaking, for several hours. Adjuvants may be added, 
'5 such as thickeners, e.g. polysaccharides or ultra-high 
molecular weight polymers. The resulting solution 
and/or dispersion is then coated onto the substrate. 

Coating can be achieved by putting the viscous sol 
onto the surface to be coated and spinning the surface 

20 by centrif ugation for a short time to ensure the substan- 
tially uniform distribution of the film. Alternatively, the 
substrate may be dipped into or sprayed with the disper- 
sion, protecting those areas of the substrate which are 
not to be coated. Any technique which allows for sub- 

25 stantially uniform coating of the film on the substrate may 
be employed. 

The coated substrate is then pyrolyzed for a short 
time at an elevated temperature, generally in the range 
of about 150°Cto500°C, preferably in the range of about 

30 150 D C to 300*C. Tl volatilization can occur at tempera- 
tures as low as 100*C, so that short process timing and 
Tl overpressures and oxidizing atmospheres are em- 
ployed to control phase formation and to limit Tl loss and 
formation of undesired second phases in the film. The 

3S pyrolysis time and temperature should be selected to 
substantially ensure decomposition of the fatty acids, so 
as to leave a thin film of metal oxides, the pyrolysis oc- 
curring in the presence of oxygen, conveniently air. The 
procedure may be repeated as many times as desired, 

40 in order to enhance the thickness of the metal oxide film. 
Desirably, each subsequent pyrolysis may be car- 
ried out at a lower temperature than the initial pyrolysis, 
where the initial pyrolysis is carried out in the upper por- 
tion of the temperature range, 250-450°C, and the sub- 

45 sequent pyrolyses are carried out at a temperature in the 
range of about 200-350*C. Usually, at least about 60% 
of the volatile organic material is removed and by extend- 
ing the heating period, a constant weight can be realized. 
Care must be taken to minimize thallium volatilization 

50 when pyrolysing above 300°C. 

The film, deposition and pyrolysis procedure will be 
carried out at least once, more usually twice, and may 
be five times or more, usually not more than about four 
times. 

55 The thickness of each layer will depend upon a 
number of parameters: the viscosity of the sol, the time 
for spinning, the revolutions per minute, the temperature 
at which the substrate is spun, and the like. Where other 
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techniques are used to provide the coating, such as dip- 
ping, spraying, spreading with a blade, or the like, differ- 
ent parameters may be involved. 

Once the substrate surface has been coated to the 
desired degree, the substrate may then be introduced 
into a closed inert vessel, containing pellets with the ap- 
propriate molar ratio for maintaining the stoichiometry of 
the film in the presence of a source of oxygen during 
heating. The molar ratio of the pellets is determined by 
the phase that is desired within the film. The film compo- 
sition after heating is substantially affected by the geom- 
etry and temperature of the source material and the re- 
sulting Tl overpressure. 

Maintenance of a controlled thallium overpressure 
may be achieved in a variety of ways. The simplest way 
may be to coat the layer containing the mixture of oxides 
with a thallium oxide layer, so that vaporization of the 
thallium oxide overcoat provides for thallium overpres- 
sure. To ensure sufficient thallium for incorporation in the 
superconductor layer, the housing for the thermal treat- 
ment of the superconductor layer should desirably be rel- 
atively small, so that a relatively small volume is occu- 
pied by the vapor. By relatively small is intended a vol- 
ume of about 0.001 to 1 0 times the size of the substrate. 
In addition, compared to the surface of the superconduc- 
tor layer, the surface of the thallium source should be 
relatively large, at least about one and a half times, pref- 
erably about two times, and maybe five times or more. 
In addition, the thallium oxide is desirably combined with 
calcium oxide and copper oxide, where the composition 
may be varied, depending upon whether the source is 
present during crystal growth or for stabilizing the thal- 
lium superconductor material after it is in the correct 
phase. 

Conveniently, in the gas phase, air, pure oxygen, or 
other source of oxidizing oxygen may be employed, e.g., 
hydrogen peroxide or ozone during heating. The pellet 
composition will vary depending upon the particular thal- 
lium superconductor one wishes to prepare. For exam- 
ple, for the 2223 composition, the pellets will have a Tl: 
Ca: Ba: Cu 1 :3:1 :3 molar ratio. The inert tube is conven- 
iently a passivated noble metal, most conveniently gold 
or plated quartz, which may be externally reinforced to 
support the pressures during the reactions. 

The processing temperature will be at least about 
600°C, more usually at least about 630°C, and not more 
than about 950°C, frequently in the range of about 
800-900° C. The temperature may be monitored in any 
convenient way, conveniently a thermocouple. Usually, 
the temperature will be achieved rapidly, generally under 
five minutes, preferably under three minutes, more usu- 
ally from about 0.5-3 minutes. Slower heating rates 
(20°C/min) may be employed to give continuous super- 
conducting films of smaller grain size. The tube may be 
heated to a temperature or temperatures in the range 
indicated above, generally for sufficient time to ensure 
complete pyrolysis of any residual carbon compounds 
and allow for the atoms to assume the proper lattice 



structure. Generally, the time at high temperature will be 
at least about 0.5 minute and not more than about 60 
minutes, more usually in the range from about 0.5 to 25 
minutes, preferably from about 0.5 to ten minutes. At the 
5 end of this time, the tube may be removed from the heat- 
ing source and allowed to cool. Normally, there need not 
be any effort at rapid quenching, so that the tube may be 
allowed to sit in a room temperature environment, with- 
out providing for a rapid reduction in temperature. 

io a second preferred procedure for preparing the sub- 
ject films employs laser ablation. Laser ablation can be 
used either to coat the substrate at room temperature in 
preparation for the thermal process described above, or 
can be used to deposit and form the superconducting 

J 5 phase in one step at elevated temperature. 

Laser ablation is achieved by preparing an appropri- 
ate target. The apparatus for the most part, is conven- 
tional and is described in Wu et al, supra . A target is pre- 
pared by placing the appropriate composition of metals 

zo or metal oxides on the surface of a support which can be 
rotated at a controlled rate. The target on its support is 
placed in a vacuum chamber having a quartz window, 
where a laser beam of appropriate energy and wave- 
length impinges on the target causing a plume of ablated 

25 vapor normal to the target suface. The substrate is 
placed substantially normal to the direction of the plume, 
so as to receive the atoms in the plume, where the atoms 
bind to the surface of the substrate. The substrate is 
maintained at room temperature or at an elevated tem- 

30 perature depending on whether the goal is an amor- 
phous or a crystalline deposit. 

The laser ablation target can conveniently be made 
in the same manner as the sol-gel coating described ear- 
lier. Thus, a uniform film of the various carboxylates can 

35 be prepared and pyrolyzed as described previously to 
produce the desired oxide mixture. Pyrolysis can be car- 
ried out in the presence of oxygen, so as to ensure the 
formation of the desired metal oxides in their proper ox- 
idation state. Alternatively, the target can be made from 

40 pressed and sintered powder or from hot pressed pow- 
der. 

The laser energy density on the target will generally 
be from about 1 -3 J/cm 2 . The film on the target will have 
the same metal molar ratio as the intended composition 

4$ on the substrate 1 cm 2 to 63 cm 2 in surface area and 
about 25u. to .7 cm thickness. 

The laser may be focused to cover various areas of 
the target The laser may impinge upon the surface over 
a wide range of angles from a minimum of about 2° up 

50 to 90°. A typical impingement angle is about 25°. The 
area impinged by the laser will generally be at least about 
2 mm 2 and not more than about 50 mm 2 . A typical area 
is about 1 5 mm 2 . The ratio of length to width will depend 
upon the angle of impingement, and will generally be at 

55 least 2 to 1 , and not more than about 20 to 1 , more usu- 
ally not more than about 1 0 to 1 . By employing an energy 
in the range of about 2 J/cm 2 per pulse, one can deposit 
about one monolayer, generally about 3x10" 10 m thick 
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onto the substrate with each pulse. By controlling the 
number of pulses per second, which would generally 
range from about 0.5 to 50, one can achieve an accretion 
on the substrate of about 0. 1 jim/min. 

The target will usualry be relatively close to the sub- 
strate, usually not less than about 2cm and not more than 
about 10 cm, preferably about 6 cm. The chamber will 
be evacuated to under about 500mTorr, preferably from 
about 2 to 200mTorr, more preferably about 100 to 
200mTorr. various inorganic oxidizing gases may be 
present, such as oxygen, air, hydrogen peroxide, ozone, 
nitrogen oxides, such as nitrous oxide or the like, where 
the inorganic oxygen source can be activated by virtue 
of the laser beam or an independent energy source. For 
example, an oxidizing gas source may be directed to- 
ward the layer on the substrate where the gas has been 
activated, for example, oxygen activated by passing 
through an electric field or laser. 

For growth of crystalline superconducting films the 
substrate will generally be maintained at a temperature 
in the range of about 450-750° C, preferably about 
500-650°C. The temperatures which are maintained will 
albw for the atoms to form the proper crystal structure, 
but should be kept as low as possible to minimize inter- 
diffusion between the film and substrate and to minimize 
thallium loss by vaporization. The lower the temperature 
which is used for the substrate, the slower the deposition 
rate which should be employed. Alternatively, one can 
increase the energy of the atoms and molecules in the 
plume by providing for a plasma in the ablated plume. 
This additional energy increases the atoms' ability to 
form the proper crystal structure at low temperature, and 
increases the rate at which the film may be grown. 

In some instances, where thallium may be lost be- 
cause of its higher vapor pressure, it may be desirable 
to increase the amount of thallium in the target. Alterna- 
tively, thallium loss can be minimized by maintaining a 
higher oxidation potential in the apparatus. 

It may be desirable to sequentially ablate one or a 
combination of metals or metal oxides, so that layers of 
different composition are deposited sequentially to pro- 
vide the different atomic layers of the crystal. 

Besides deposition on elevated temperature sub- 
strates as described above, laser ablation can be used 
to deposit onto room temperature substrates prior to 
thermal processing. Laser ablated films on room temper- 
ature substrates are dense, uniform and high purity, but 
are not crystalline. These amorphous films, when heat- 
ed, form liquid and then solid crystalline phases in the 
manner previously described for chemical processing. 
The kinetics of liquid phase formation is somewhat dif- 
ferent for the two kinds of films because the chemically 
prepared films tend to be highly porous, and may contain 
some residual carbon before thermal processing. 

Layers of different composition may be employed. 
Of particular interest is having an initial layer of thallium 
oxide, preferably a combination of thallium oxide and cal- 
cium oxide, with a second layer comprising at least cop- 



per and barium oxides, desirably comprising thallium 
and calcium oxides as well. These layers can be 
achieved as described above, using the various process- 
es which allow for the independent application of differ- 

5 ent compositions as layers on the substrate. For exam- 
ple, with the sol-gel technique, one could first provide for 
a layer of thallium and calcium carboxylates, which may 
or may not be pyrolysed prior to coating with a layer of 
carboxylates of all of the metals. 

io An alternative procedure for coating the substrate, 
may employ the physical method of tilting. By employing 
a boat which can be tilted, so that the liquid composition 
can be kept away from the substrate, a liquid of the var- 
ious oxides may be produced. Once the liquid is formed, 

is the boat may be tilted, so that the liquid now coats the 
substrate, which is in the other part of the boat. Desirably, 
the substrate may be positioned, so it is at an angle to 
the bottom of the boat, with the higher end near the wall 
of the boat. The conditions under which the coating is 

20 carried out would provide for a rapid rise to a temperature 
in the range of about 500 to 880° C, at which point the 
oxides would be in the liquid form. The boat can then be 
tilted and cooling begun at a relatively slow rate, in the 
range of about 0.5-1 0°C/min until the temperature has 

25 dropped at least about 10°C, preferably not more than 
about 50° C, when the temperature is in the range of 
about 490-860°C. At this point, the boat would be tilted 
back to the original position, where the substrate was no 
longer in the liquid, and the substrate would be rapidly 

30 cooled at a rate of at least about 1 0°C/min, preferably at 
least about 20*C/min to room temperature. 

Various configurations may be employed during 
thermal processing between the source and the super- 
conductor film. The source should not be allowed to con- 

35 tact the superconductor film. The configurations may al- 
low for the source being in a confronting relationship to 
the superconductor film. For example, a substrate coat- 
ed with the source may be spaced from the substrate 
coated with the superconductor film by a spacer (typical- 

40 |y 5 microns or greater in thickness), where the source 
and film are in a confronting relationship. 

An alternative configuration would have the super- 
conducting film on a substrate in a container, where the 
source is displaced from the superconductor film and is 

45 maintained at a temperature differential from the super- 
conductor film. Thus, by varying the temperature of the 
source, different thallium overpressures would be 
achieved, so as to ensure the proper Tl stoichiometry at 
the superconductor film surface. 

50 Various regimens may be employed for producing 
these superconducting films and for use in a postanneal- 
ing of the superconducting material. By employing 
schedules for heating and pressure that inhibit the evap- 
oration or boiling of the liquid in the film prior to formation 

55 (precipitation) of the superconducting material, one can 
provide for condensation of Tl source material, so as to 
provide for precipitation of the superconducting phase, 
and can minimize or prevent the formation of nonsuper- 
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conducting oxide compositions. 

One protocol would initially provide for a pressure of 
about 3 atm with a rapid rise in temperature from room 
temperature to 850°C, at about 50°C/sec rise, so that 
the temperature is reached in about 15 to 20 sec, main- 
taining the superconducting film at this temperature, 
where approximately 100 sec will have elapsed from the 
initiation of heating, allowing the superconductor to cool 
over a period of about 5 to 10 sec to a temperature of 
about 550° C and maintaining the temperature for an ad- 
ditional 100 sec, followed by cooling to room tempera- 
ture. During this time, a different heating profile is em- 
ployed for the source material, where the source is heat- 
ed at about the same rate along with the superconductor 
film, but is maintained at the high temperature for about 
5 to 25 sec longer than the superconducting film, so that 
the overpressure is maintained relatively constant while 
the superconducting film is undergoing its initial cooling, 
followed by dropping the source temperature by about 
100°C and maintaining this temperature during the an- 
nealing of the superconducting layer. The temperature 
is then allowed to drop to room temperature along with 
the superconductor layer. The pressure profile would be 
to maintain the elevated pressure until the annealing 
temperature has been reached and then allow the pres- 
sure to drop to 1 atm. 

Where the source and superconducting layer are 
both maintained at the same temperature, a different 
protocol would provide for heating at about 40 to 
70°C/min to 800°C, where the temperature is achieved 
in from about 1 5 to 40 sec, preferably about 20 to 30 sec, 
while maintaining an oxygen pressure at 3 atm. The el- 
evated temperature is maintained for an additional 60 
sec and then reduced at a temperature drop from about 
5 to 20°C/sec to room temperature. The pressure profile 
differs in being maintained at the elevated pressure for 
about 60 sec, and then allowed to drop to 1 atm over 
about 10 to 20 sec. By adjusting the liquid composition, 
growth may be achieved at one atm pressure. 

Parameters for a thermal anneal will vary from the 
preparation of the superconducting film. For the anneal, 
the superconducting film is rapidly heated to a tempera- 
ture in the range of about 500 to 750° C, generally over 
a period of about 1 0 to 30 sec. The temperature will then 
be maintained, ± 15% for a period of about 5 to 60 min, 
preferably from about 1 5 to 45 min in an oxygen atmos- 
phere while in the presence of a thallium source. The 
temperature for the source will be higher by at least about 
50°C t preferably from about 100 to 150°C higher than 
the superconducting film. The temperature of the source 
will be heated analogously to the superconducting film s 
so that the ultimate temperature for the source is reached 
at or shortly after the temperature for the film is reached. 
The temperature for the source will be maintained sub- 
stantially constant during the period of annealing and will 
then be allowed to cool at about the same time as the 
superconducting film back to room temperature, as well 
as at about the same rate. Desirably, cooling of the 



source will begin shortly before the cooling of the super- 
conducting film, usually from about 0.5 to 5 min prior. 
During the annealing, an elevated pressure may be em- 
ployed, usually about 1 .5 to about 2.5 atm, preferably up 
5 to about 2 atm. 

Localized effects can be achieved by employing in- 
frared heating. For example, the substrate with the 
pre-superconductor or precursor film could be placed in 
an enclosure having an infrared transparent window 

10 above the film and having a small volume relative to the 
substrate. By employing infrared heat, vaporization 
would occur in a small volume with a rapid increase in 
pressure. Furthermore, the assembly could be intro- 
duced into a pressure vessel, which would also have an 

is infrared transparent window, so that the entire assembly 
could be pressurized. In this way, the gas environment 
in which the superconductor film is formed would be rap- 
idly saturated with thallium oxide vapor. The process 
may be carried out at atmospheric or superatmospheric 

20 pressure. 

By placing the substrate on a large thermal mass 
base, and using infrared heating, a heat flux will occur at 
the substrate precursor film interface, since the substrate 
will have higher thermal conductivity than the precursor 

25 or the intermediate liquid composition. Thus, there will 
be a temperature gradient in the film and substrate, 
where the precursor film will be at a higher temperature 
than the substrate. The cooler substrate can then pro- 
vide a site of nucleation for the formation of the super- 

50 conductor film. 

For further understanding of the invention, the draw- 
ings will now be considered. In Figures 1 and 2 are de- 
picted different views of tubular devices and arrange- 
ments for production of superconductor films. The gold 

3S sealed vessel 10 houses thallium pellet sources 1 2 and 
14. A substrate 16 separates pellet 12 from the super- 
conductor layer precursor 20. A wire horseshoe spacer 
22 prevents the pellet source 14 from touching the su- 
perconductor layer 20. Prior to sealing tube 10, the var- 

40 jous components may be assembled to provide the indi- 
cated assembly and introduced into the housing 10. The 
housing may then be sealed and introduced into a fur- 
nace where it is rapidly heated to the desired tempera- 
ture and maintained at that temperature. However, it is 

4* not necessary to seal the pouch in order to prepare high 
quality films using this process geometry. Usually, a 
small amount of air or oxygen will be allowed to remain 
in the sealed housing 10. Upon heating, the pellet sourc- 
es will partially evaporate, so as to maintain a thallium 

50 oxide overpressure in the housing 10, to prevent signif- 
icant evaporation of thallium oxide from the supercon- 
ductor precursor layer. After sufficient time for the super- 
conductor layer to form, the tube may be allowed to cool 
by turning off the furnace and letting the furnace chamber 

55 come to room temperature. 

In Figure 3, an alternative embodiment is provided, 
where infrared heat is employed to produce the desired 
temperature. Mounted on a base 30 is cover 32 having 
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conduit 34 and valve 36 for evacuating or pressurizing 
the chamber 40. The cover 32 has an infrared transpar- 
ent ceiling 42 to allow for transmission of infrared rays 
into chamber 40. An infrared source 44 is provided which 
is able to irradiate the entire chamber. A removable mask 
46 is provided which when in place prevents radiation 
from heating the superconductor film precursor 50. The 
superconductor film precursor 50 is coated onto sub- 
strate 52 which sits on base 30. A thallium oxide ring 54 
is mounted on support 56 inside the chamber, where the 
thallium ring will be exposed to the infrared radiation 
when the mask is in its position. 

In preparing a superconductor film, one would place 
the substrate 52 coated with the superconductor precur- 
sor film 50 onto the base 30 and then mount the cover 
32 on the base. The chamber may then be filled with ox- 
ygen and irradiation with the infrared lamp 44 begun, with 
the mask in place. When a sufficient thallium oxide partial 
pressure has been achieved, the mask may be removed 
and the precursor film 50 heated to an elevated temper- 
ature, so as to provide for formation of the superconduc- 
tor film. After sufficient heating, the lamp 44 may be 
turned off, the chamber 40 allowed to cool to room tem- 
perature, evacuated, and the cover removed for isolation 
of the superconductor film. 

In Figure 4, an alternative embodiment is indicated, 
where one or more substrates may be coated with a su- 
perconductor film precursor, where the substrate may be 
repetitively coated, until a layer of the desired thickness 
has been achieved. A housing 60 is provided having con- 
duit 62 with pressure gauge 64 and valve 66. The base 
of the housing 60 has two heaters, 70 and 72 which can 
provide heat to vessels 74 and 76 respectively. Attached 
to one end of vessel 74 is rod 80 which extends through 
orifice 82 outside of housing 60. Seal 84 prevents the 
introduction of air or loss of vapors into housing 60. Sub- 
strate 86 is situated in vessel 74 supported at an angle 
by mount 90. By means of rod 80, vessel 74 may be 
moved from position A, where the surface of the liquid 
precursor to the superconductor film is substantially par- 
allel to the base 78 of housing 60. In this position, the 
substrate 86 is immersed in the superconductor precur- 
sor liquid. By lowering the temperature or evaporating 
some of the solvent, crystallization of a superconductor 
film on the substrate is induced. By raising the rod 80, or 
tilting the entire apparatus, one can then move the liquid 
to position 92 indicated by the broken lines B, so that the 
substrate 86 and superconductor film is no longer coated 
with the superconductor precursor liquid 94. Vessel 76 
will contain thallium oxide liquid 96 which may serve to 
provide a thallium oxide overpressure in the housing 60. 
The temperature of the thallium oxide liquid 96 may be 
maintained at a lower temperature from the supercon- 
ductor precursor liquid, since it will be solely comprised 
of thallium oxide, and can be used to control the over- 
pressure in the housing 60. 

The subject device components can be used in a 
wide variety of devices. Because superconductive layers 



have low microwave surface impedance, they find use 
in numerous microwave and millimeter wave applica- 
tions. The subject elements comprising the substrate 
and film, by appropriate choice of substrates, may find 

5 use in radio frequency cavities and resonators, micro- 
wave shielding, antennas, in transmission lines, employ- 
ing different structures, such as coaxial, microstrip, co- 
planar wave guide, coplanar strip line, inverted or sus- 
pended microstrip, and the like. The devices find use in 

io signal communications or delays, filters, resonators and 
oscillators, circuit interconnections, power combiners, 
and antenna feeds. 

For a narrowband microwave filter with supercon- 
ducting resonator elements, the specifications could be: 

is 

Transmission medium: microstrip coupled lines 

(5-15 resonator elements) 

Bandwidth: 0.1-10% at the center frequency (f D ) 

Dimensions: 

20 

Superconductor thickness (t)=l micron 
Relative dielectric constant 

(e r )=9.65 (MgO) 
Loss tangents. 0002 (MgO) 
Substrate height (h)=0,635 mm (25 mils) 
Spacing (s)= 0,254 - 3,81 mm (10-150 mils) 
Line width (w)= 0,0254 - 1,016 mm (1-40 mils) 
Length (1), 0.25 guide wavelength at f c , 1=2,90 
mm (114 mils) at 10GHz 
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Package dimensions: 

X=25 mm (lin.) 
Y=25 mm(1in.) 
Z=6,25 mm (0,25in). 



The filter is packaged in a shielded case and cooled 
to 77° K and connected with an SMA coaxial connector 
to other hardware part. 

40 An exemplary narrow band microwave filter with su- 
perconducting resonator elements is depicted in Figure 
5. The filter comprises antenna 100 which feeds the sig- 
nal to microwave filter 102. The signal from microwave 
filter 102 is fed to mixer 104 in conjunction with signal 

45 1 06. A swept local oscillator 1 1 0 also feeds a signal into 
the mixer 104, which provides an output to dispersive 
delay line 112 in conjunction with signal 114. The super- 
conducting resonator elements 116 are shown in an ar- 
ray where "w" is line width, "s" is spacing and T is length. 

& o The low loss of the narrow band microwave filter enables 
the microwave receiver to have a relatively higher signal 
to noise ratio. The dispersive delay line is used to proc- 
ess long pulses (higher energy) as if they were short 
pulses (higher range resolution). First described by R.H. 

ss Dicke, U.S. Patent No. 2,624,876, issued January 6, 
1953. 

Delay lines are an integral part of a digital instanta- 
neous frequency measurement (DIFM) component. The 
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delay line specifications could be as follows: 

Dimensions: 

Superconductor thickness (t)=0.015 u,m - 2 um 

£,=9.65 (MgO) 

Loss tangent=0.0002 (MgO) 

Substrate height (h)=0,635 mm 

Line width (w) = 1 u.m - 1 mm (0.04 - 40 mils) 

Total length (1)=20 mm 

Package dimensions: 

X=25 mm (1in.) 
Y=25mm (lin.) 
Z=6,25 mm (0,25 in.). 

The delay line can be packaged in a shielded case 
thermally attached to a 77°K cold finger with SMA coax- 
ial connectors interconnecting the delay line within the 
DIFM. 

A digital instantaneous frequency measurement is 
diagrammatically depicted in Figure 6. The antenna 120 
feeds a signal to a diode 122 which feeds the signal to 
power splitter 1 24. The power splitter 1 24 outputs direct- 
ly to phase detector 1 26 through lines 1 30 and 1 32 which 
comprises delay line 1 34 comprised of the superconduc- 
tor film. The outputs of lines 130 and 132 are fed into 
phase detector 1 26, which then outputs signals 1 36 and 
140 to video 142. 

The following examples are offered by way of illus- 
tration and not by way of limitation. 

EXPERIMENTAL 

The individual Tl, Ca, Ba and Cu metal carboxylate 
compounds were prepared following established proce- 
dures. The resulting solutions of metal soap compounds 
in chloroform were reduced in volume by evaporation 
and analyzed by atomic absorption for their metal con- 
tents. These precursor solutions were then used to pre- 
pare the precursor sol by combining 5g copper 2-ethyl- 
hexanoate, 3.29g barium 2-ethylhexanoate, 3.14g calci- 
um 2-ethylhexanoate, and 8.462g thallium 2-ethylhex- 
anoate in 5 ml of chloroform. The precursor stoichiome- 
try was TlgCagBagC^. The solution was mixed by shak- 
ing for several hours. This precursor solution was spun 
onto a single crystal yttria-stabilized zirconia (<100> ori- 
entation) substrate at 4000 rpm for 30 sec followed by 
pyrolysis at 400°C for 5 min. This spin/pyrolysis proce- 
dure was repeated twice more at 250°C. Oxide pellets 
with a molar ratio TI:Ca:Ba:Cu-1:3: 1:3 were prepared by 
mixing the individual oxides together by grinding and 
then pressing uniaxially in a Carver press. The pellets 
and the coated substrate were placed in air in a 6.25 mm 

- A " diameter gold tube and hermetically sealed. The 



sealed gold tube was attached to a thermocouple probe 
using wire and inserted into a preheated tube furnace. 
The material was brought to a temperature of 855° C in 
2 min and held for 1 0 min. The sample was then removed 
5 from the furnace and cooled to room temperature. The 
entire film processing procedure required about 15 min 
to complete. 

Optical micrographs of the pyrolyzed film revealed 
the presence of a large number of plate and needle-like 
io (plate on edge) structures throughout the film. Both 
structures were found to have, by energy dispersive 
x-ray analysis, the 2223 composition. Scanning election 
microscopy of the film showed the plate-like morphology 
of the superconducting 2223 compound. The micro- 
graph also showed the spherical Ca/TI oxide deposits 
that inhabit regions immediately adjacent to the plate- like 
structures. The composition of the plate was determined 
by SEM-EDX (scanning electron microscopy energy dis- 
persion x-ray spectroscopy) to consist of 1 2 atomic per- 
cent Ba, 12TI, 1 2 Ca and 20 Cu. The compositional anal- 
ysis results were consistent from area to area and are 
consistent with the material possessing a 2223 metal 
stoichiometry. The highly oriented nature of the 2223 film 
is indicated by the large enhancement of the <001> re- 
flections in an x-ray diffraction scan. A minor peak at 6° 
was indicative of a very small amount of the 21 22 phase 
in the film. The temperature dependent magnetic sus- 
ceptibility measurement was performed on the film on 
the assumption that the material consisted of a 2 micron 
thick fully dense film. It was calculated that greater than 
60% of the material became superconductive. 

To prepare the 2122 composition, the above proce- 
dure was repeated, except the composition of the source 
material corresponded to a TI:Ca:Ba:Cu atomic ratio of 
2:2:2:3. The temperature was slightly modified to 860^ 
for reaction and the substrate which was employed was 
a magnesium oxide substrate single crystal that had 
been chemically polished using hot concentrated phos- 
phoric acid as described previously (See Sanywal and 
Sutaria, J. Mater. Sci. (1976) 11: 2271 -2282) to provide 
a substantially defect free (<100>) surface. 

Optical micrographs of the pyrolyzed film revealed 
the presence of a large number of plate-like structures 
throughout the film. These structures were found by 
SEM-EDX to have a chemical composition correspond- 
ing to the 21 22 material. SEM of the film clearly showed 
the plate-like morphology of the superconducting 2122 
compound. The film was highly c-oriented as indicated 
by highly enhanced <001> reflections. The film was 
found to be epitaxial by comparing electron channeling 
patterns of the single crystal substrate with that of the 
film in various regions. The morphology of the film is 
strongly indicative of the presence of an intermediate liq- 
uid phase during processing. The surface of the film 
(which resembles thin film surfaces obtained by liquid 
phase epitaxial growth techniques), was analyzed by 
EDX to have the correct cation stoichiometry for the 21 22 
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compound. 

Electron beam channeling patterns were obtained 
from many representative areas within the film. Electron 
channeling patterns of the film revealed that the orienta- 
tion of the a, b plane within the 2122 film was identical 
to that of the substrate in many areas throughout the film. 
In a few areas, the channeling pattern of the film was 
slightly misoriented (by a constant amount) from the sub- 
strate, perhaps indicative of a buildup of strain or dislo- 
cations at the fifm/substrate interface due to lattice mis- 
match which is approximately 9%. The lattice registry 
with the surface was maintained not only at layers close 
to the magnesium oxide substrate, but also at the top of 
plates many microns from the substrate surface. 

To deposit a thallium-based superconducting film by 
PVD, for example of the 2223 composition, a substrate 
is loaded into a specially designed vacuum chamber, and 
held in position where it faces a target approximately 6 
cm away. The vacuum chamber is evacuated to a pres- 
sure of less than 1 x 1 0r 6 torr, then back filled to 5 x 10~ 3 
torr with oxygen, while the substrate is heated to a tem- 
perature between room temperature and 400° C. Mate- 
rial is then vapor transported from the target to the sub- 
strate by laser ablation, using a laser energy density on 
the target of 1.5 to 2.0 Joules/cm 2 . The laser is pulsed 
at 5Hz for 5 to 10 minutes, depositing a film 0.5 to 1.0 
u,m thick. After ablation, the film is cooled to room tem- 
perature and the substrate removed from the vacuum 
chamber. 

The film thus deposited is continuous and smooth 
over the entire substrate. In some locations there are 
particles on the film surface that appear to have been 
transported from the target either in solid particle form or 
as small melted globules. The film composition, meas- 
ured by energy dispersive x-ray (EDX) spectroscopy, is 
found to be the same as the target composition for sub- 
strate temperatures up to 400°C. Thus if the target has 
the 2223 composition, the film has the same composi- 
tion. When the substrate temperature is 600° C, the max- 
imum content of the f ilm is lower than that of the substrate 
because the film loses thallium by evaporation. The loss 
can be compensated by increasing the thallium content 
of the target. 

The films are not superconducting as deposited, but 
become superconducting after annealing at 750-850° C 
in a gold pouch containing a source of thallium vapor. 

An additional number of preparations were carried 
out using a variety of substrates. The substrates include 
polycrystalltne forms of magnesium oxide, zirconia and 
alumina, as well as single crystal sapphire. The films are 
prepared by coating a chloroform solution of Tl, Ca, Ba 
and Cu 2-ethylhexanoates onto the substrate and pyro- 
lyzing the film at 250° C. This process is repeated up to 
as many as 10 or more times to develop the desired 
thickness prior to high temperature processing. A film 
thickness of 5u. is obtained after coating a substrate three 
times. 

The chemically deposited films are prepared by first 



coating cleaned substrates three times as described 
above. The prepyroryzed film is amorphous by XRD and 
TEM. The film consists of an intimate mixture of the metal 
ions, where the Tl, Ca stoichiometry of the film prior to 
s high temperature pyrolysis has not been found to be par- 
ticularly critical to producing the high temperature super- 
conductor (HTSC) material. However, if excess Ba and 
Cu are added, large hexagonal crystals of barium cu- 
prate are produced during high temperature pyrorysis. 
io High temperature thermal processing is carried out 
using the following procedure. The initially amorphous 
chemically deposited film is placed between two source 
pellets. The source materials are typically 12.5 mm (1/2 
inch) diameter uniaxially pressed powder compacts of 
*5 Tl-Ca-Ba-Cu oxides. The stoichiometry of the source 
material plays a critical role in determining the phase(s) 
that are produced during processing. The two most com- 
mon source compositions that are used are Tl-Ca-Ba-Cu 
ratios of 1 31 3 and 2223. A spacer is placed between the 
pellets and a film inserted between them. The film sur- 
face is prevented from touching the surface of the pellet 
through the use of a ceramic or metal spacer. It is impor- 
tant to prevent contact of the film with the source material 
in order to obtain morphologically uniform films over 
large areas (>1cm 2 ). Contact of the film with the source 
material often destroys the uniformity and integrity of the 
final fired film. 

The source/film structure is inserted into a precon- 
ditioned gold tube. The gold tube is then purged with air, 
nitrogen or oxygen, and closed (hermetic seal is not nec- 
essary). The material is then heated to a final tempera- 
ture ranging between 600° and 910°C. The heating rate 
that is employed is important. Slow heating rates ranging 
from 10-30°C/min usually produce polycrystatline, uno- 
riented films that range in thickness from 2-10 microns. 
Faster heating rates produce oriented films. The typical 
range of heating rates used to produce oriented films is 
between 50-500°C/min. The higher heating rates are ob- 
tained by placing the gold pouch directly into a preheated 
tube furnace and monitoring its temperature by using a 
thermocouple inserted directly into the pouch. The film 
orientation that is obtained upon rapid heating of chem- 
ically deposited films is largely the c-axis of the material 
normal tothe substrate surface. Rocking curves as sharp 
as 0.3 degrees have been obtained for such materials. 
Some evidence for nucleation of material with its C-axis 
parallel to the substrate has also been observed; how- 
ever this material represents a small volume fraction of 
any particular film. Epitaxy has been demonstrated for 
single crystal MgO substrates. 

The degree of orientation of the film is intimately re- 
lated to the phase formation process. The intermediate 
liquid phase that is obtained during high temperature 
processing plays a key role in controlling the morpholo- 
gy, phase identity and purity, crystal lographic orientation 
and density of the film. The studies show that the inter- 
mediate liquid phase obtained consists primarily of Tl 
and Ca oxide at low temperature (ca., 600 o C). Large 
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grains of the 2-layer material have been observed at tem- 
peratures as low as 650°C for rapidly heated samples, 
indicating that liquid phase formation is indeed occurring 
at these relatively low temperatures. DSC experiments 
on pyrolyzed chemical precursors corroborate these 
findings. Slow heating rates (i.e., 10*C/min) result in a 
relatively small amount of liquid phase (per unit volume) 
being produced in the film and a large number of nude- 
ation sites within the film. These factors combine to pro- 
duce fine grained material (<5 microns) exhibiting a very 
low degree of crystallographic orientation. The nuclea- 
tion is random in orientation and occurs throughout the 
deposit, resulting in a randomly interconnected platelet 
structure of the superconducting material. The coverage 
of the film on the substrate is excellent and uniform - 
apart from the fact that the film is a fairly porous network 
of 5 micron grains of material. A surface resistance 
measurement of a pofycrystalline film on single crystal 
MgO revealed that the material had a reasonably low 
loss with a surface impedance that was approximately a 
factor of two greater than cryogenic copper at 50K and 
10 GHz. 

On the other hand, rapid heating rates (>50°C/min) 
produce a markedly different film morphology. During 
rapid heating of the precursor film, a large volume frac- 
tion of liquid phase is produced. The liquid, which initially 
consists primarily of Tl and Ca oxides, rapidly dissolves 
any barium and copper in contact with it and directly pre- 
cipitates out the 2122 or 2223 compound. The liquid 
phase is very mobile and formed early in the heating 
process. Material transport via this intermediate liquid 
phase is extremely rapid. Thus an initially porous 5 mi- 
cron (low initial density) thick film can shrink in thickness 
to just over 1 micron during processing. The phase that 
is produced from the liquid depends upon the overpres- 
sure that is in equilibrium with the liquid. The use of 
source materials that contain the 2223 phase (or pro- 
duce it during the anneal experiment) will typically result 
in films that contain the 2223 phase. The local thallium 
overpressure is important to determining the phase that 
is produced from the liquid. If the overpressure is too low, 
no superconducting material is obtained. 

The degree of crystallographic orientation of the film 
can be readily controlled through appropriate selection 
of the film process condition. By employing heating rates 
between 20 and 50 & C/min (the end regimes for polycrys- 
talline and oriented/epitaxial film growth), partially orient- 
ed films exhibiting a range of morphologies, densities, 
and thicknesses can be obtained. 

Sharp superconducting transitions have been ob- 
tained for 2 layer films both by resistivity measurements 
(R=0 at 107K) and AC susceptibility. An oriented 2122 
film produced by this process on single crystal MgO has 
apparently the lowest surface resistance at 77K of any 
HTC film or bulk material that has been reported. This 
material was oriented and, perhaps, epitaxial ly related 
to the substrate. Films prepared using the same process- 
ing parameters were found to exhibit very sharp x-ray 



rocking curves; typically less than 0.7 degree full width 
at half maximum (FWHM). Values as low as 0.3 degrees 
were also obtained. This value is comparable to the best 
rocking curve data that have been reported for HTSC thin 

s films of any material. Additionally, further improvement 
may be achieved with optimization of this process. 

For rapid thermal annealing of films with a Tl over- 
coat, the following experiment was performed. A coating 
of Tl 2-ethy Ihexanoate was spun onto a prefixed film con- 

io taining the oxides of Ca, Ba and Cu. The initial film was 
prepared by firing a normal stoichiometry film (2223) in 
a Tl overpressure insufficient to prevent complete vapor- 
ization of Tl from the sample. A total of three Tl overcoats 
were added followed by firing in an oxygen atmosphere 

is at 860° C in a sealed gold pouch. A source pellet was 
included in the pouch to control the Tl overpressure. After 
processing, the film contained a large amount of 3- layer 
superconducting material. 

In the next experiment, a 2223 mixture of the appro- 

20 priate metal cations was dissolved in nitric acid and the 
solution evaporated onto a single crystal MgO substrate. 
This material was dried in a box furnace at 80° C and 
fired in a gold pouch using the normal procedure. The 
2122 compound was formed from the thermally proc- 

25 essed nitrate precursor. The morphology and composi- 
tion of a number of areas of the film (SEM-EDX) were 
entirely consistent with the presence of the 2122 mate- 
rial. Other solutions or colloidal dispersions that may be 
used to deposit precursor films include carbonates, cit- 

30 rates, hydroxides, fluorides, chlorides, and acetates of 
these metal ions. Tl, Ca, Ba or Cu salts can share the 
same counterion (i.e., all be chloride salts), or consist of 
various complex mixtures of different anions. The pre- 
cursors are fired under the appropriate conditions to 

35 complete phase formation and removal of the counteri- 
ons (i.e., removal of halides requires heating under a wa- 
ter-containing atmosphere, oxygen atmosphere for or- 
gan ics). 

Studies have conclusively shown that the interme- 

40 diate liquid phase that was used to engineer the mor- 
phology and properties of the films can be very reactive 
with a number of different materials of technological in- 
terest. Direct physical contact of the partial melt pro- 
duced within the film can result in degradation of the su- 

45 perconducting material; particularly on substrates such 
as sapphire or polycrystalline alumina. Often after 
processing the films on Al-containing substrates the 
presence of barium-aluminate crystallites in the film has 
been observed. The obvious corrosion of single crystal 

so plates of the 2 1 22 or 2223 compound that were produced 
early on during thermal processing but were subse- 
quently dissolved by contact with liquid during process- 
ing to degrade the material were noted. 

Superconducting Tl films on sapphire substrates are 

ss produced without interference from the substrate by em- 
ploying the following technique. The first is to fire the film 
using an intermediate heating rate (approximately 
50°C/min) that effectively serves to limit the amount of 
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liquid phase that is present at any particular time during 
the process. The second is to limit the substrate reaction 
by reducing the amount of time the material is at high 
temperature- Both of these techniques have been dem- 
onstrated in the laboratory to be successful for control- s 
ling deleterious substrate reactions of the 2122 or 2223 
phases on sapphire substrates. 

Other than lowering the temperature or shortening 
the time at temperature, another method for reducing 
substrate reaction is to deposit a barrier layer onto the io 
troublesome substrate material. MgO and Y-stabilized 
zirconia as buffer layer materials on sapphire, silicon and 
gallium arsenide substrates may be employed. Zirconia 
(yttria stabilized) and magnesium oxide demonstrated 
phase compatibility with these materials under the sub- is 
ject current process conditions. The buffer layer material 
can either be epitaxial or polycrystalline. 

A number of preparations were carried out using the 
following experimental procedure. 

The metal 2-ethylhexanoate precursor solutions 20 
were prepared using standard published synthetic pro- 
cedures. The film itself was generated by spinning a so- 
lution prepared from copper 2-ethylhexanoate, barium 
2-ethyl hexanoate, calcium 2-ethylhexanoate and thal- 
lium 2-ethylhexanoate onto the appropriate substrate. 2s 
The film thickness was adjusted by controlling solution 
viscosity, spin speed, spin time and number of coats. 
Typically the substrate was spun at 3000 rpm for 30 sec. 
After each precursor coat, the film was fired at 250° C for 
6 min to pyrofyse the 2-ethylhexanoate. This was repeat- 30 
ed three times to build up sufficient thickness of the pre- 
cursor material. 

The pyrolysed films were loaded into gold pouches 
containing oxide pellets of known stoichiometry (for ex- 
ample TI/1 : Ca/3: Ba/1: Cu/3) and compression sealed. 35 
Both air and oxygen atmospheres have successfully pro- 
duced the superconducting phase. The charged gold 
capsule was heated in a horizontal tube furnace at a tem- 
perature ranging from 750° C to 920°C and for times from 
30 sec to 5 min and in ail cases the superconducting 40 
phase was identified by powder X-ray diffraction and en- 
ergy dispersive X-ray analysis. 

A typical experimental procedure is outlined below 
5g copper 2-ethylhexanoate, 3.29g barium 2-ethyl- 
hexanoate, 3. 1 4g calcium 2-ethylhexanoate and 8.462g 45 
thallium 2-ethylhexanoate in a minimum volume of chlo- 
roform were mixed by shaking for several hours. This 
precursor solution was spun onto a 1x1 cm single crystal 
yttria-stabilized zirconia (>100< orientation) substrate at 
3000 rpm for 30 sec followed by pyrolysis at 250°C for so 
6 min in a Lindberg box furnace. This spin/pyrolysis pro- 
cedure was repeated twice more at 250°C. The coated 
substrate and oxide pellets with molar ratio TI:Ca:Ba:Cu 
1:3:1:3 were loaded into the gold pouch under air. The 
film was sandwiched between two pellets and the film ss 
surface kept from the pellet itself using a spacer made 
from thermocouple wire. This whole package was heat- 
ed in a Lindberg 25 mm (1") tube furnace from 25°C to 



a temperature of 855°C in 10 min and held for 4 min. 
Cooling to room temperature took a further 5 min and 
was achieved by opening the furnace. 

Advantages of the laser ablation method include the 
cleanliness inherent in vacuum deposition, precise and 
repeatable control of the rate of film growth, control of 
film stoichiometry via the target composition, control of 
oxygen activity via the choice of oxygen species and/or 
plasma activation, and the ability to grow on a substrate 
at elevated temperature to encourage epitaxial growth. 

The subject articles comprising superconductive 
thallium-based layers on crystalline substrates provide 
for an extraordinary advance over previously prepared 
materials. The subject articles have superconductive 
properties at liquid nitrogen or higher temperatures, are 
highly oriented and are grown epitaxially on a crystalline 
substrate and as shown, provide for a number of highly 
desirable physical and electrical properties. 

With the methods described for producing the sub- 
ject compositions, growth can be carefully controlled, so 
as to provide for highly oriented and epitaxial films. In 
addition, the thickness can be controlled, so as to provide 
for greater homogeneity and uniformity of the sol-gel film. 
Also, the rate of growth of the crystallites is controlled 
under controlled temperature conditions, to provide for 
substantial homogeneity. 

Advantages of the sol-gel technique include the ca- 
pability to coat large areas uniformly, atomic-scale mix- 
ing of the components at room temperature, low temper- 
ature synthesis of mixed metal oxides, amenability to 
powder, bulk, film or fiber development, as well as attain- 
ing of high chemical purities. 

The laser ablation system has the advantages of 
safety, the system is opened at room temperature, the 
opportunity to prepare the superconducting Tl films in 
situ , and the ablation and condensation zone may be 
surrounded by disposable shields, where stray thallium 
will deposit, rate of growth and thickness can be carefully 
controlled, and epitaxial growth can be encouraged. 

The methods described for producing films of vary- 
ing thicknesses having superconductive properties are 
convenient, allow for coating of a variety of substrates, 
and can provide different physical characteristics of the 
superconductive film. 

Although the foregoing invention has been de- 
scribed in some detail by way of illustration and example 
for purposes of clarity of understanding, it will be readily 
apparent to those of ordinary skill in the art in light of the 
teachings of this invention that certain changes and mod- 
ifications may be made thereto without departing from 
the scope of the appended claims. 



Claims 

1. A superconducting article comprising an oriented, 
epitaxial superconducting layer of thallium, option- 
ally calcium, barium, and copper oxide on a crystal- 
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line substrate, said layer being at least 30-10 -10 m 
thick, and having a c-axis oriented normal to the 
crystalline substrate surface and being epitaxial to 
the substrate. 

5 

2. A superconducting article according to Claim 1 t 
wherein said superconducting layer has the 2122 
composition. 

3. A superconducting article according to Claim 1, io 
wherein said superconducting layer has the 2223 
composition. 

4. A superconducting article according to Claim 1, 
wherein said substrate is magnesium oxide or yttria *5 
stabilized zirconia. 

5. A superconducting article comprising a supercon- 
ducting epitaxial layer of thallium, barium, calcium 
and copper oxide on magnesium oxide said magne- 20 
sium oxide being a substrate, wherein the layer is 
epitaxial to the substrate. 

6. A superconducting article according to Claim 5, 
wherein said superconducting layer is the 2122 2s 
composition. 

7. A microwave or mill imeter device comprising an arti- 
cle according to any of Claims 1 , 5 and 6, wherein 
said superconducting layer is under 1 micrometer in 30 
thickness. 



surface resistance is less than 10~ 3 ohms at 10 GHz 
at about 77 K. 

1 6. The superconducting article of Claim 1 5 wherein the 
surface resistance is less than 10" 4 ohms at 10 GHz 
at about 77K. 

17. The superconducting article of Claim 1 wherein the 
epitaxial superconducting layer measures at least 
0.5 centimeters as the smallest dimension in the a 
and b axes of the layer. 



Patentanspruche 

1. Supraleitender Gegenstand (Formkorper), der 
umfaGt eine gerichtete (orientierte) supraleitende 
Epitaxieschicht aus Thallium, gegebenenfalls Cal- 
cium, Barium und Kupferoxid auf einem kristallinen 
Substrat, wobei diese Schicht mindestens 30 x 
1 0" 1 0 m dick ist und eine c- Achse aufweist, die senk- 
recht zur kristallinen Substratoberflache ausgerich- 
tet und epitaxial zu dem Substrat ist. 

2. Supraleitender Gegenstand nach Anspruch 1 , worin 
die supraleitende Schicht die Zusammensetzung 
2122 hat. 

3. Supraleitender Gegenstand nach Anspruch 1 , worin 
die supraleitende Schicht die Zusammensetzung 
2223 hat. 



8. The superconducting article of Claim 1 wherein the 
layer thickness is less than or equal to 2 microns. 

35 

9. The superconducting article of Claim 1 wherein the 
crystalline substrate consists of a single crystal. 

10. The superconducting article of Claim 1 wherein the 
substrate is lanthanum aluminate or sapphire. 40 

11. The superconducting article of Claim 1 wherein the 
epitaxial superconducting layer measures at least 3 
centimeters as the smallest dimension in the a and 

b axes of the layer. 45 

12. The superconducting article of Claim 1 wherein the 
epitaxial superconducting layer measures at least 5 
centimeters as the smallest dimension in the a and 

b axes of the layer. so 

13. The microwave or millimeter device of Claim 7 
wherein the device includes a resonator. 

14. The microwave or millimeter device of Claim 7 ss 
wherein the device includes a delay line. 

15. The superconducting article of Claim 1 wherein the 



4. Supraleitender Gegenstand nach Anspruch 1 , worin 
das Substrat Magnesiumoxid Oder Yttriumoxid ist, 
das mit Zirkoniumdioxid stabilisiert ist. 

5. Supraleitender Gegenstand, der umfaBt eine supra- 
leitende Epitaxieschicht aus Thallium, Barium, Cal- 
cium und Kupferoxid auf Magnesiumoxid, wobei das 
Magnesiumoxid das Substrat ist, wobei die Schicht 
epitaxial zu dem Substrat ist. 

6. Supraleitender Gegenstand nach Anspruch 5, worin 
die supraleitende Schicht die Zusammensetzung 
2122 hat. 

7. Mikrowellen- oder Millimeter-Vorrichtung, die 
umfaBt einen Gegenstand nach einem der Anspru- 
che 1 , 5 und 6, wobei die supraleitende Schicht eine 
Dicke von weniger als 1 uxn hat. 

8. Supraleitender Gegenstand nach Anspruch 1 , worin 
die Schichtdicke < 2 um betragt. 

9. Supraleitender Gegenstand nach Anspruch 1 , worin 
das kristalline Substrat aus einem Einkristall 
besteht. 
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1 0. Supraleitender Gegenstand nach Anspruch 1 , worin 
das Substrat Lanthanaluminat Oder Saphir ist. 

1 1 . Supraleitender Gegenstand nach Anspruch 1 , worin 
die supraleitende Epitaxiescnicht Abmessungen 
von mindestens 3 cm als kleinste Dimension in den 
a- und b-Achsen der Schicht hat. 

1 2. Supraleitender Gegenstand nach Anspruch 1 , worin 
die supraleitende Epitaxiescnicht Abmessungen 
von mindestens 5 cm als kleinste Dimension in den 
a- und b-Aehsen der Schicht hat. 

13. Mikrowellen- Oder Millimeter-Vorrichtung nach 
Anspruch 7, die einen Resonator umfa&t 

14. Mikrowellen- oder Millimeter-Vorrichtung nach 
Anspruch 7, die eine Verzdgerungsleitung umfaGt. 

1 5. Supraleitender Gegenstand nach Anspruch 1 , worin 
der Oberflachenwiderstand weniger als 10 -3 Ohm 
bei 10 GHz bei etwa 77°K betragt. 

16. Supraleitender Gegenstand nach Anspruch 15, 
worin der Oberflachenwiderstand weniger als 10* 4 
Ohm bei 10 GHz bei etwa 77° K betragt. 

1 7. Supraleitender Gegenstand nach Anspruch 1 , worin 
die supraleitende Epitaxiescnicht Abmessungen 
von mindestens 0,5 cm als kleinste Dimension in 
den a- und b-Achsen der Schicht hat. 



Revendications 

1. Article supraconducteur comprenant une couche 
supraconductrice epitaxiale orientee de thallium, 
eventuellement de calcium, de baryum et d'oxyde 
de cuivre sur un substrat cristallin, ladite couche 
ayant une epaisseur d'au moins 30.1 0" 10 m, ayant 
un axe c orient e normalement a la surface de subs- 
trat cristaJlin et etant epitaxiale par rapport au subs- 
trat. 

2. Article supraconducteur selon la revendication 1, 
dans lequel ladite couche supraconductrice est de 
composition 2122. 

3. Article supraconducteur selon la revendication 1, 
dans lequel ladite couche supraconductrice est de 
composition 2223. 

4. Article supraconducteur selon la revendication 1, 
dans lequel ledit substrat est en oxyde de magne- 
sium ou en zircone stabilisee a Pyttrium. 

5. Article supraconducteur comprenant une couche 
epitaxiale supraconductrice de thallium, de baryum, 



de calcium et d'oxyde de cuivre sur de I'oxyde de 
magnesium, ledit oxyde de magnesium etant un 
substrat, dans lequel la couche est epitaxiale par 
rapport au substrat. 

5 

6. Article supraconducteur selon la revendication 5, 
dans lequel ladite couche supraconductrice est de 
composition 2122. 

10 7. Dispositif a micro-ondes ou a ondes millimetriques, 
comprenant un article confonme a Tune quelconque 
des revendications 1 , 5 et 6, dans lequel ladite cou- 
che supraconductrice a une epaisseur inferieure a 
1 micrometre. 

15 

8. Article supraconducteur selon la revendication 1, 
dans lequel I'epaisseur de la couche est inferieure 
ou egale a 2 micrometres. 

20 9. Article supraconducteur selon la revendication 1, 
dans lequel le substrat cristallin est constitue cfun 
monocristal. 

10. Article supraconducteur selon la revendication 1, 
25 dans lequel le substrat est un aluminate de lanthane 

ou un saphir. 

11. Article supraconducteur selon la revendication 1, 
dans lequel la dimension la plus petite de la couche 
supraconductrice epitaxiale, sur les axes a et b de 
la couche, est d'au moins 3 centimetres. 

Article supraconducteur selon la revendication 1, 
dans lequel la dimension la plus petite de la couche 
supraconductrice epitaxiale, sur les axes a et b de 
la couche, est d'au moins 5 centimetres. 

Dispositif a micro-ondes ou a ondes millimetriques 
selon la revendication 7, dans lequel le dispositif 
cbmprend un resonateur. 

Dispositif a micro-ondes ou a ondes millimetriques 
selon la revendication 7, dans lequel le dispositif 
comprend une ligne a retard. 

Article supraconducteur sebn la revendication 1, 
dans lequel la resistance superficielle est inferieure 
a 10" 3 ohm a 10 GHz a environ 77 K. 

Article supraconducteur selon la revendication 17, 
dans lequel la resistance superficielle est inferieure 
a 10-4 onm a 10 GHz a environ 77 K. 

Article supraconducteur selon la revendication 1, 
dans lequel la dimension la plus petite de la couche 
supraconductrice epitaxiale, sur les axes a et b de 
la couche, est d'au moins 0,5 centimetre. 
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